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SUMMARY 


The  volume  contains  50  authoritative  papers  on  various  aspects  of  scatter 
propagation  of  radio  waves.  The  importance  of  scatter  propagation  for 
communication  purposes,  as  well  as  the  use  of  scattered  radio  waves  as 
diagnostic  tools  for  studying  the  scattering  media,  are  discussed. 

The  book  deals  with  scatter  from  the  ionospheric  D-,  E-  and  P- regions, 
with  scatter  from  the  troposphere,  and  with  scatter  from  the  earth’s  surface. 
A  record  of  the  discussions  on  the  various  topics  is  included  in  the  book. 


RESUME 


Le  present  volume  contient  50  exposes  autoritaires  sur  divers  aspects  de 
la  propagation  par  diffusion  des  ordes  radio^lectriques.  L’  importance  de 
la  propagation  par  diffusion  pour  les  besoins  de  la  communication  et 
1’ utilisation  des  ondes  radiodlectriques  diffusees,  comme  outils  diagnos- 
tiques  pour  dtudier  les  moyens  de  diffusion,  sont  examinees. 

L'  ouvrage  traite  de  la  diffusion  provenant  des  zones  D,  E  et  F  iono- 
sphdriques,  de  la  diffusion  provenant  de  la  troposphere  et  de  celle 
provenant  de  la  surface  de  la  Terre.  II  comporte  ^galement  le  texte  des 
discussions  sur  les  divers  sujets  pr^sentes. 


FOREWORD 


This  volume  contains  the  proceedings  of  the  14th  annual  technical  meeting 
of  the  Electromagnetic  Wave  Propagation  Committee  of  the  Avionics  Panel  of 
AGARD.  It  has  been  the  policy  of  the  EPC  to  choose  for  its  technical 
meetings  rather  specialised  topics  of  current  interest,  to  bring  together 
competent  workers  in  those  areas  to  present  and  discuss  the  latest  develop¬ 
ments,  and  to  make  the  information  gathered  in  this  way  available  through 
publication  of  a  series  of  conference  proceedings.  This  policy  is  clearly 
reflected  in  the  titles  of  the  books  now  printed,  the  latest  of  which  are: 
“Spread-F  and  its  Effects  on  Radio  Communications'’,  "Propagation  Factors 
in  Space  Communications”,  and  "Propagation  Near  the  Lowest  Usable  High 
Frequency",  from  the  EPC  Symposia  in  1964,  1965  and  1966  respectively. 

The  present  book  deals  with  "Scatter  Propagation  of  Radio  Waves”,  a 
topic  of  interest  for  the  geophysicist  as  well  as  the  communication 
engineer.  Some  fifty  papers,  including  eight  invited  review  papers,  were 
presented  at  the  meeting,  treating  various  theoretical  and  experimental 
aspects  of  scattering  from  the  ground,  the  sea,  and  from  irregularities 
in  the  troposphere  and  ionosphere.  The  plan  of  the  book  closely  follows 
the  conference  programme,  including  records  of  the  discussion  periods  which 
were  held  at  the  end  of  each  session,  or  after  a  group  of  papers  dealing 
with  a  specific  topic.  A  summing-up  and  evaluation  of  the  scientific 
programme  by  four  of  the  participants  will  be  found  as  the  last  item  in 
the  book. 

A  committee  with  the  following  members  was  responsible  for  the  scientific 
programme  of  the  symposium: 

E.S. Warren,  Defence  Research  Telecommunication  Establishment, 

Ottawa,  Canada  (Programme  Chairman) 

P. J.  Bartholom^,  SHAPE  Technical  Centre,  Hie  Hague,  Netherlands 

R.  Cohen,  Aeronomy  Laboratory,  ERL/ESSA,  Boulder,  Colorado,  USA 

H.Jeske,  Meteorologisches  Institut,  Universitat  Hamburg,  Germany 

G.  Lange -Hesse,  Max  Planck  Institut  fiir  Aeronomie,  Lindau/Harz, 

Germany 

E.  V.  Thrane,  Institute  for  Telecommunication  Sciences,  ERL/ESSA, 
Boulder,  Colorado,  USA. 

The  editor  feels  strongly  that,  if  proceedings  of  this  type  are  to  be 
useful,  they  must  appear  in  print  very  soon  after  the  conference.  An  effort 
has  therefore  been  made  by  all  parties  concerned  to  speed  up  the  publication 
procedure.  To  obtain  speed,  however,  certain  sacrifices  are  necessary. 

For  example,  it  has  not  been  possible  to  send  the  papers  out  to  independent 
referees,  nor  has  it  been  considered  practical  to  send  galley  proofs  to 
individual  authors.  But  then  the  purpose  of  this  book  is  not  to  compete 
with  standard  scientific  journals,  but  to  supplement  these  by  providing  the 
participants,  as  well  as  other  workers,  with  a  useful  reference  record  of 
the  meeting  and  an  up-to-date  survey  of  work  in  the  field.  As  such,  it  is 
the  editor’s  hope  that  the  book  will  be  a  success. 


Eivind  Hirane. 
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GROUND  SCATTER  IN  REVIEW 

by 

Edgar  C.  Hayden 

Institute  for  Telecommunication  Sciences 
Environmental  Science  Services  Administration 
Boulder,  Colorado  80302,  USA 


SUMMARY 


The  possibility  of  HF  radio  wave  transmission  by  scatter  processes 
apparently  was  suspected  as  early  as  1926.  In  the  late  1920s  and  the  1930s 
the  scattering  of  signals  into  the  skip  zone,  in  fact  directly  back  to  the 
point  of  emission,  was  noted  frequently.  During  the  1940s  and  the  first 
half  of  the  1950s,  the  surface  of  the  earth  was  convincingly  identified  as 
the  scattering  agent  responsible  for  one  major  form  of  scatter  transmission, 
that  now  called  “ground  backscatter Concurrently  the  role  of  ground 
scatter  in  certain  off -great-circle  transmissions  -  "ground  side-scatter” 
was  demonstrated. 

Several  applications  which  exploit  ground  scatter  have  been  at  least 
partially  developed,  e.g. ,  current  estimation  of  the  primary  coverage  of  an 
HF  broadcast  transmitter,  methods  for  real-time  choice  of  opeiating  frequency 
in  the  HF  band,  studies  of  the  structure  of  the  ionosphere--  especially  its 
irregularities  and  motions,  and  communication  at  frequencies  above  those 
normally  usable. 

A  number  of  problems  remain  unsolved,  or  incompletely  solved.  Perhaps 
the  most  notable  is  the  relationship  of  the  backscatter  coefficient  to 
physical  terrain  features,  including  ocean  surface  features.  A  second  is 
the  interpretation  of  amplitude  and  frequency  spectrum  information  in  the 
backscattered  signal  as  functions  of  arrival  angle,  time  of  flight,  and 
time  of  observation.  Interpretation  is  especially  difficult  in  the  presence 
of  irregular  structure  (e.g.,  travelling  disturbances)  in  the  ionosphere. 
Digital  ray-tracing  techniques  promise  to  be  of  great  utility  in  helping  to 
visualize  and  understand  the  relationship  between  ionosphere  structure  and 
observed  ground  scatter  phenomena.  The  application  of  some  of  the  more 
sophisticated  radar  techniques  to  the  study  of  ground  scatter  -  especially 
ground  backscatter  -  is  clearly  indicated.  Needed  are  impi ovements  in 
angular  resolution  and  range  resolution,  and  better  exploitation  of  the 
frequency-npectrum  information  in  the  backscattered  signal. 
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GROUND  SCATTER  IN  REVIEW 
Edgar  C.  Hayden 


1.  INTRODUCTION 

It  is  inevitable  that  each  person  who  attempts  to  prepare  a  review  paper  on  a  given 
subject  will  color  it  a  different  hue.  ihat  one  sees  in  a  subject,  and  his  manner  of 
viewing  it,  will  be  influenced  by  his  particular  interests,  knowledge,  and  experience, 
and  by  the  resource  material  available  to  him.  Each  of  us  would  bring  to  the  task  a 
different  combination  of  these  factors,  this  author  being  no  exception.  "Ground  scatter” 
is  here  interpreted  to  mean  the  nonspecular  propagation  of  radio  energy  incident  on  the 
ground  -  "ground”  meaning  “surface  of  the  earth”,  both  land  and  sea.  The  emphasis  will 
be  primarily  on  energy  propagated  in  directions  other  than  the  forward,  or  specular, 
direction  though  the  latter  will  receive  some  mention.  More  emphasis  will  probably  fall 
on  propagation  of  energy  back  along  or  near  the  direction  of  incidence  -  backscatter  - 
than  on  propagation  in  other  directions  -  side-scatter.  Attention  will  be  focused  almost 
exclusively  on  the  HF  portion  of  the  spectrum. 

Looking  through  the  old  papers  has  produced  for  me  an  impression  akin  to  that  of  a  time- 
lapse  motion  picture  by  which,  for  example,  one  can  show  (he  blossoming  of  a  flower  con¬ 
densed  into  a  period  of  a  minute  or  less.  The  visibility  of  trends  and  actions,  not 
easily  discerned  at  the  slower  real-time  pace,  is  thus  enhanced.  It  is  a  temptation  to 
dwell  for  a  time  on  this  aspect  of  the  subject.  Howe’er  the  present  and  future  must  also 
be  given  their  due,  so  we  shall  have  to  be  content  with  setting  out  a  few  of  the  landmarks 
along  the  way. 


2.  FROM  THE  PAST 

The  study  of  ground  scatter  has  a  fascinating  history.  It  has  ro<  s  reaching  back 
into  the  mid-1920s  when  the  exploitation  of  the  HF  band  for  commercial  radio  telegraphy 
was  expanding  rapidly.  Magneto- ionic  theory  had  developed  to  a  surprising  state.  Theory 
predicted,  and  experiment,  primarily  by  amateur  operators,  demonstrated  the  HF  skip 
phenomenon.  High  power  transmitters  and  improved  receivers  were  coming  into  use.  One  of 
the  consequences  was  that  a  number  of  phenomena  not  previously  observable  were  discovered. 

One  of  the  first  of  the  newly  observed  phenomena  was  simultaneous  two-way  transmission, 
by  both  the  long  and  short  great -circle  patl.s,  between  the  new  Rocky  Point  transmitters 
in  the  United  States  and  receivers  in  Geltow,  Germany,  as  well  as  complete  round-the-world 
transmissions  from  German  transmitters  to  German  receivers.  In  1926  Quack1  reported  such 
observations,  and  gave  the  figure  0.138  s  for  the  round-the-world  propagation  time.  At 
about  the  same  time,  Taylor2  in  the  United  States  reported  observations  of  signals 
received  within  the  skip  zone,  but  without  offering  any  explanation.  Apparently  Mogel 
and  others  in  Germany 9‘  23  made  similar  observations  in  the  same  period.  These  obser¬ 
vations  represent  the  beginnings  of  the  study  of  scatter  transmission  in  the  HF  band. 

It  was  Eckersley3,  in  1927,  who  gave  convincing  evidence  that  signals  such  as  those 
observed  by  Taylor  and  Mogel  were  propagated  by  scatter  processes.  Other  observations 
and  observers  added  detail  to  the  developing  picture M'6.  At  this  point  most  of  the 
explanations  for  the  anomalous  transmissions  involved  scattering  from  the  upper  atmosphere 
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"as  from  a  light  beam  passing  through  a  turgid  medium”,  or  scattering. from  auroral 
structures. 

Taylor  and  Young8,  in  1928,  did  suggest  as  a  plausible  explanation  for  some  of  their 
observations  of  reception  in  the  skip  zone  that  "The  nearby  set  of  echoes  might  be  thought 
of  as  being  due  to  reflections  of  the  wave  from  rough  portions  of  the  earth’s  surface 
directly  back  on  itself,  so  to  speak,  and  coming  from  the  first  zone  of  reception;  namely 
from  just  above  the  edge  of  the  first  skipped  distance.” 

It  becomes  obvious  at  this  point  that  a  number  of  different  scatter  phenomena  were 
being  observed,  a  certain  amount  of  confusion  being  the  consequence  «(Refs.  10-30,  32).  In 
retrospect,  many  of  the  observations  seem  from  their  descriptions  almost  certainly  to  have 
involved  ground  scatter.  However,  little  attention  was  given  this  possibility,  the  pre¬ 
ponderance  of  weight  being  given  to  scatter  from  the  upper  atmosphere.  The  new  theoi ies 
of  propagation  in  the  ionized  upper  atmosphere,  and  Eckersley' s  convincing  identification 
of  "short  scatter”  with  ionic  structures  (meteors?)  seemed  predoninant  in  the  minds  of 
most  workers.  Taylor  and  Young14  did,  in  1929,  reiterate  their  suggestion,  and  added  the 
observation  that  energy  seemed  also  to  be  scattered  back  from  the  sea  surface,  perhaps 
better  than  from  land.  Mogel 20,21  scored  a  close  miss,  getting  the  timing  of  certain 
scattered  signals  properly  related  to  the  skip  distance,  but  attributing  the  scattering 
to  a  "turn-around  zone”  (or  scatter  zone)  in  the  ionosphere,  lying  on  rays  from  the  trans¬ 
mitter  between  the  tangential  and  critical  rays,  near  the  top  of  the  ray  trajectories. 

The  ground  scatter  tide  began  to  turn  in  1941  with  the  observations  by  Edwards  and 
Jansky31  of  off -great -circle  trans- Atlantic  transmission,  and  their  analysis  of  the  obser¬ 
vations  in  terms  of  side-scatter  from  the  various  skip  zones.  In  1945  Smith33  proposed  a 
backscatter  technique  for  determining  MUF  and  skip  distance.  However,  it  is  revealing  to 
note  that  in  one  of  the  diagrams  in  his  report  the  backscattered  energy  is  depicted  as 
coming  from  the  distant  E-region  just  before  the  skip  boundary,  rather  than  from  the 
ground.  Benner35  made  a  similar  proposal  in  1949  on  a  similar,  but  more  nearly  correct, 
basis. 

It  was  primarily  in  the  years  between  1945  and  1955  that  convincing  evidence  of  the 
reality  and  prevalance  of  ground  backscatter  was  given.  It  came  through  the  efforts  of  a 
number  of  workers  (Refs. 34.  36-41,  45,  47,  49,  51,  60,  68,  92,  93,  114-117,  127,  128). 
During  the  same  period  additional  evidence  for  the  existence  of  ground  side-scatter  was 
presented  (Refs. 42,  43,  48,  71,  72),  as  was  evidence  for  significant  scattering  at  the 
ground  reflection  point  of  normal  two-hop  transmissions46’  6  .  With  the  reality  and 
nature  of  ground  scatter  firmly  established,  numerous  applications  for  the  phenomenon 
blossomed.  Techniques  were  developed  and  hardware  constructed  to  exploit  its  potential 
in  many  ways,  both  for  the  study  of  the  ionosphere  itself  and  for  demonstrating  and  study¬ 
ing  propagation  phenomena.  Beyond  this  point,  developments  became  too  numerous  and  varied 
to  be  discussed  individually,  at  least  within  the  scope  of  this  paper. 

For  the  most  part,  transmission  situations  involving  ground  scatter  fall  easily  into 
one  of  two  major  classes.  The  first  of  these  (I)  is  a  communication -type  situation  in 
which  the  transmitter  and  receiver  are  generally  not  co-located,  and  the  purpose  for 
transmission  between  them  is  (la)  point-to-point  communication  or  broadcasting  or  (lb) 
examination  of  the  character  of  the  signal  propagated  between  them.  The  second  (II)  is  a 
radar-type  situation  in  which  the  transmitter  and  receiver  are  frequently,  but  not 
necessarily,  co-located,  are  under  common  control,  and  the  purpose  of  transmission  between 
them  is  (Ha)  to  examine  the  structure  of  the  intervening  propagation  medium,  or  (lib)  to 
detect  or  examine  objects  -  in  our  case  the  surface  of  the  earth  -  from  which  energy  is 
scattered  back.  It  is  of  the  essence  of  Ha  that  the  ground  is  acting  as  a  nondistortinc 
matte  (nonspecular)  reflector,  or  at  least  that  it  introduces  only  known  distortions 
(e.g. ,  a  smooth  variation  with  incidence  angle),  thus  permitting  observation  of  irregular 
propagation  phenomena.  It  is  of  the  essence  of  lib,  in  contrast  to  Ila,  that  propagation 
be  sufficiently  regular  to  allow  detection  and  evaluation  of  the  scatter. 

Class  la  includes  two-hop  (or  more)  off-great -circle  transmission  at  frequencies  above 
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the  maximum  transmittable  on  the  direct  great-circle  path.  The  existence  of  such  a 
transmission  mechanism  has  been  clearly  demonstrated  and  proposals  made  for  its  practical 
application  (Refs. 71,  72,  79,  81.  94,  118,  119,  129,  132,  138,  139,  170,  176).  In  class 
lb  are  a  number  of  one-way  schemes  for  determining  the  current  status  of  a  transmission 
path  or  the  optimum  frequency  for  use  on  such  a  path  (Refs.  125,  131,  144,  178).  Into 
class  Ha  fall  ground  backscatter  techniques  for  estimating  or  monitoring  the  current 
coverage  of  broadcast  transmissions  (Refs.  44,  50,  54,  59,  64,  65,  73,82,  92,  93,  102,  103,  105, 
105,  114  -  117,  122.  125  -  128,  144,  156,  164,  165,  181,  202,  203,  223,  224,  233,  236, 

239,  240).  Also  in  this  class  are  many  instances  of  the  use  of  techniques  involving 
ground  backscatter  for  study  of  the  structure  and  motions  of  the  ionosphere  (Refs.  53,  55 
-  58,  61  -  63,  78,  82  -  84,  95  -  99.  104,  105,  107,  108,  111  -  113,  123,  134  -  137,  140  - 
142,  144  -  146,  148,  150,  151,  154,  155,  157,  159,  162,  163,  167,  175,  177,  178,  180, 

186).  This,  perhaps,  has  been  the  most  widely  exploited  application  for  ground  back¬ 
scatter.  In  class  lib,  the  principal  unclassified  application  has  been  to  attempt  remote 
determination  of  sea  state  (Refs.  67.  69,  88  -  91,  109,  120,  149,  152,  158,  160,  161,  199, 

210,  218,  232,  235).  Detection  of  objects  beyond  the  horizon  has  also  been  investi¬ 
gated77-  10°. 


3.  AT  THE  PRESENT 

Ground  scatter  has,  so  far,  found  use  primarily  in  research  applications.  Commercial 
or  operational  usage  has  been  developed  little,  if  at  all,  with  some  minor  exceptions 
noted  below. 

Though  ground  side-scatter  transmission  (class  la  of  Section  2)  has  b-en  suggested  as 
a  means  to  extend  the  capacity  of  the  HF  part  of  the  spectrum,  it  has  not  found  appreciable 
acceptance  or  usage  on  a  regular,  planned,  basis.  Its  use  has  been  mostly  accidental  or 
fortuitous,  except  for  intercept  of  signals  at  locations  other  than  those  at  which  they 
were  intended  to  be  received. 

The  potential  for  such  use  seems  to  exist  rather  regularly,  but  procedures  for  predict¬ 
ing  path  characteristics  have  not  yet  been  reduced  to  practice,  making  transmission 
circuit  planning  and  frequency  management  difficult.  Since  a  scatter  mechanism  is 
involved,  channel  character  may  be  such  as  to  limit  signaling  rates  or  information  hand¬ 
ling  capacity.  In  some  situations,  for  example  when  the  skip  distance  is  considerably 
greater  than  the  transmitter-to-receiver  distance,  the  active  side-scatter  area  may  be 
quite  large  (but  dependent  on  antenna  characteristics).  Time  disrersion  of  the  signal 
can  then  be  considerable.  As  the  skip  distances  about  the  transmitter  and  receiver  vary, 
the  optimum  location  for  side-scatter  will  move.  The  transmission  channel  will  thus  have 
not  only  a  time-varying  transfer  characteristic  but  also  a  time-varying  locationt 
Antennas  with  steerable  beams  will  undoubtedly  be  required.  The  degree  of  steerability 
(maximum  angle  of  slew)  necessary  would  be  rather  large,  especially  if  the  same  antenna 
were  also  to  be  used  for  normal  on-path  operation.  Slewing  of  the  transmitting  and 
receiving  antenna  beams  will  have  to  be  coordinated  to  ensure  that  both  are  always  “look¬ 
ing”  at  the  same  area.  If  the  antenna  slewing  is  not  controlled  by  some  real-time  channel 
sampling  process,  it  must  be  pre-programmed,  which  again  requires  path  prediction. 
Additionally,  it  might  well  be  advantageous  to  use  antennas  having  small  beamwidths  to 
restrict  the  size  of  the  relevant  side -scatter  area  in  order  to  minimize  time  dispersion 
of  the  signal  (but  at  the  cost  of  raising  the  required  steering  accuracy). 

None  of  these  factors  seem  to  be  insuperable  problems;  they  could  be  solved  by  proper 
application  of  engineering  piinciples.  However,  they  (especially  the  antenna  requirements) 
do  tend  to  restrict  the  range  of  suitable  applications  on  either  engineering  or  economic 
grounds. 

Side-scatter  is  anathema  to  those  doing  HF  radiolocation  (D/F).  After  cases  of 
operator  error  and  signal  raisidentification  have  been  deleted,  it  seems  probable  that  the 
majority  of  the  remaining  “wild”  bearings  are  examples  of  side-scatter  transmission.  It 
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is  important  in  this  application  to  be  able  to  predict  or  identify  such  situations.  The 
author,  while  at  the  University  of  Illinois,  has  observed  on  the  Wullenweber  receiving 
antenna  there  a  number  of  cases  of  side-scatter  transmission  from  stations  of  known 
location.  Often  the  signal  would  have  been  difficult  to  distinguish  from  a  more  normal 
multi-hop  signal. 

Ground  backsc-tter  transmission  (class  Ha  of  Section  2)  is,  in  at  least  two  cases 
known  to  the  author,  in  limited  operational  use  for  determining  or  monitoring  the  cover¬ 
age  of  HP  broadcasts  (Refs. 164,  165,  181,  223,  224,  236,  240).  Reduction  of  this 
technique  to  practice  has  been  facilitated  by  development  of  circuitry  for  using  the 
broadcast  transmitter  itself  to  do  the  sounding  without  appreciable  or  obnoxious  inter¬ 
ruption  of  the  program  material  1<4'  1<5.  Two  advantages  thereby  accrue,  a  substantial 
saving  of  equipment  cost,  and  use  of  the  same  antenna  for  the  sounding  as  for  the  broad¬ 
casting.  The  technique  promises  to  be  quite  successful  and  useful.  It  should  provide  a 
coverage  monitoring  service  for  areas  from  which  it  is  difficult  to  get  signal  reports. 
After  initial  test  and  validation  it  should  eliminate  the  necessity  for  maintaining  a 
dispersed  coverage  monitoring  network.  If  interpretation  does  not  prove  too  difficult, 
the  system  may  be  able  to  provide  warning  of  transmission  failure  due  to  causes  such  as 
change  in  transmission  mode  or  severe  sporadic-E.  An  alternate  choice  of  antenna  beam 
configuration,  especially  elevation  angle,  may  thereby  be  signaled. 

It  does  not  appear  that  the  system  will  be  of  great  use  in  real-time  frequency  select¬ 
ion.  Changes  in  frequency  are  inhibited  by  the  necessity  for  adhering  to  a  predetermined 
schedule  in  order  that  listeners  know  on  what  frequency  to  expect  the  program.  A  cause 
for  some  concern  on  the  part  of  one  user  240  is  that,  while  the  system  can  define  the  near 
border  of  the  coverage  zone,  it  gives  little  information  about  the  depth  of  coverage 
beyond  this  border. 

Research  on  the  ionosphere  (class  Ha)  continues  to  be  a  major  use  of  ground  back-- 
scatter.  Attempts  are  being  made  or  proposed  for  remote  determination  of  certain  para¬ 
meters  of  the  regular  ionosphere,  notably  height,  maximum  ion  density,  and  perhaps  ion 
density  profile.  The  technique  is  also  being  applied  to  observation  of  disturbances  of 
the  F-region,  both  those  of  atmospheric  origin  and  those  of  solar  origin.  A  tremendous 
amount  of  information  on  sporadic-E  has  been  obtained  by  this  means.  The  method  seems 
especially  attractive  for  detection  and  observation  of  the  irregular  ionosphere  features 
and  their  motions.  Most  of  this  work  is  based  on  the  assumption  that  the  ground  acts  as 
a  smooth  (without  outstanding  glints  or  highlights),  but  matte  (nonspecular)  scattering 
surface.  Its  effect  is  merely  to  redirect  energy  back  along  the  direction  of  incidence 
without  impressing  a  pattern  of  its  own. 

To  a  surprising  extent  (at  least  to  this  author)  this  effect  seems  to  be  so.  On 
displays  of  backscatter  amplitude  versus  range  and  frequency,  or  versus  range  and  azimuth, 
it  is  quite  difficult  to  identify  reliably  and  positively  any  sort  of  terrain  feature. 

This  covers  such  things  as  mountain  ranges  or  coast  lines,  or  the  difference  between  land 
and  sea,  to  say  nothing  of  more  subtle  features.  This  result  is  perhaps  a  bit  less  sur¬ 
prising  when  one  considers  that,  at  a  range  of  2500  km,  an  antenna  beamwidth  of  2.3°  used 
with  a  pulse  duration  of  667  /xs  produces  a  resolution  cell  100  km  square.  To  reduce 
this  cell  size  to  10  km  square  would  require  a  beamwidth  of  0.23°  and  a  pulse  duration  of 
67  /xs.  Within  a  resolution  cell,  with  radar  operating  parameters  in  common  use,  the 
scattered  signal  is  averaged  over  an  area  large  compared  to  individual  terrain  features, 
though  not  large  compared  to  the  extent  of  relatively  homogeneous  terrain  types.  The 
amplitude  effects  produced  by  focusing  in  the  ionosphere  seem  on  the  average  greatly,  to 
overshadow  those  produced  by  terrain  type.  This  is,  of  course,  a  fortunate  circumstance 
for  ionosphere  studies. 

Except  for  the  simplest  regular  features,  the  interpretation  of  backscatter  data  in 
terms  of  ionosphere  structure  has  proved  to  be  extraordinarily  complex.  The  development 
of  accurate  and  versatile  ray-tracing  procedures  has  provided  a  tool  of  tremendous  power 
(Refs. 173,  179,  190,  211,  222,  234).  With  such  procedures  comes  the  ability  to  produce 
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synthetic  backscatter  records  of  a  variety  of  types  from  known  ionosphere  models.  These 
synthetic  records  may  be  compared  with  actual  records  to  aid  in  interpretation  of  the 
latter.  The  problem  has  now  come  to  be  to  define  an  ionosphere  model,  based  on  physically 
reasonable  principles  or  observations,  which  will  reproduce  the  observed  backscatter 
record.  As  a  specific  example,  it  has  been  shown  by  this  method  that  certain  physically 
reasonable  ionsphere  models  produce  returns  of  nearly  constant  range,  independent  of 
frequency  175'  234.  The  temptation  has  been  strong  in  the  past  to  ascribe  such  returns  to 
terrain  features4 7*  <0. 

The  question  of  backscatter  coefficient  cannot  be  completely  dismissed  (bibliography 
references  in  category  [3]).  Because  of  the  effects  produced  by  the  ionosphere,  it  has 
so  far  seemed  impractical  to  determine  it,  except  roughly,  through  use  of  an  ionospherically 
propagated  signal  (class  lib).  Fortunately,  an  increasing  amount  of  data  measured  by 
other  methods  has  recently  been  appearing  in  the  literature  (Refs.llG,  187,  188,  200,  216, 
217,  221,  225,  231).  The  observed  variation  with  terrain  type  is  not  negligible.  The 
variation  with  incidence  angle  is  for  some  cases  quite  large.  For  some  terrain  types  and 
polarization  conditions  a  critical  angle  exists,  on  the  grazing  side  of  which  the 
coefficient  drops  very  rapidly.  Many  articles  have  been  published  treating  the  subject 
at  microwave  frequencies.  However,  the  direct  application  of  these  methods  to  the  HF 
range  has  so  far  shown  less  than  satisfactory  agreement  with  experiment. 

Some  progress  has  been  reported  recently  in  the  use  of  backscatter  for  remote  estimat¬ 
ion  of  the  state  of  the  sea  (class  lib).  Crombie235  has  produced  diffraction  patterns 
related  to  sea  wave  structure.  Frequencies  used  were  in  the  2-5  MHz  range,  and  propa¬ 
gation  was  by  groundwave.  Thus  the  range  is  rather  limited  but  is  of  the  o*-der  of  200 
km,  depending  on  frequency.  Tveten232  shows  some  evidence  for  Doppler  shift,  perhaps  due 
to  sea  wave  structure,  in  ionospherically  propagated  ground  backscatter  (note  that  the 
two  figures  in  this  reference  are  interchanged  with  respect  to  the  captions). 


4.  FOR  THE  FUTURE 

Many  avenues  are  open  to  future  development  of  the  technology  involving  ground  scatter. 
The  author  would  like  to  single  out  just  four  which  seem  of  particular  importance,  or 
perhaps  seem  especially  troublesome.  They  are  matters  of  technique  rather  than  of 
application. 

In  the  pursuit  of  better  resolution  in  studies  of  the  ionosphere  which  make  use  of 
backscatter,  antenna  systems  are  becoming  quite  large  and  expensive  or,  alternatively, 
needed  performance  is  being  sacrificed.  Additional  resolution  is  desirable  and  useful. 

For  example,  in  a  number  of  applications  it  would  be  desirable  to  have  high  resolution  iri 
two  dimensions,  a  “pencil  beam”  analogous  to  a  bundle  of  rays  in  a  ray-tracing  procedure. 
To  attempt  this  by  brute  force  with  normal  linear  arrays  (linear  in  the  sense  of  linear 
phasor  addition  of  signal  components)  might  well  be  to  price  oneself  out  of  the  game.  In 
another  application  it  would  be  desirable  to  have  a  beam  very  narrow,  say  1°  -  2°  in 
azimuthal  width  and  scanable  through  360°  for  use  with  PPI-t.vpe  systems,  in  contrast  to 
the  30°  -  60°  Yagi  arrays  commonly  used. 

A  first  possible  route  to  cost  reduction  is  to  take  advantage  of  recent  advances  in 
"thinned"  or  nonuniform  arrays.  The  price  of  the  simplification  for  a  given  resolution 
would  be  some  loss  of  sensitivity.  The  development  of  such  antennas  would  be  a  fairly 
straightforward  problem  in  array  design.  It  might  be  possible  to  use  the  array  for 
transmitting  as  well  as  receiving  -  a  definite  advantage.  A  second  route  would  be  to 
employ  either  linear  aperture  synthesis  techniques,  or  nonlinear  multiplicative  (data- 
processing)  array  techniques237.  Proper  application  of  these  last  two  techniques 
requires  adequate  knowledge  of  the  degree  of  correlation  of  the  backscatter  field  over 
the  spatial  angular  spectrum.  Thus  more  exact  knowledge  of  the  general  character  of  the 
backscattered  field  (Refs.  159,  169  ,  204)  would  be  of  considerable  value. 
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The  second  item  is  in  some  respects  related  to  the  first.  It  seems  evident  that  some¬ 
thing  is  being  missed  by  generating  backscatter  displays  or  records  using  either  amplitude 
or  frequency  spectrum  information  alone.  These  two  parameters  of  the  backscatter  signal 
both  need  to  be  used,  and  in  suitable  juxtaposition,  perhaps  in  the  manner  of  a  multi¬ 
parameter  terrain-differentiation  radar.  Employment  of  such  measures  seems  crucial  to 
development  of  any  terrain  differentiation  or  target  detection  capability. 

The  third  item  is  the  ground  scatter  coefficient.  It  is  possible  to  fit  a  multi¬ 
parameter  theoretical  model  to  empirical  data,  thereby  providing  a  formula  for  calculation 
but  no  satisfactory  physical  explana.ion.  Backscatter  models  which  have  been  based  on 
essentially  topographical  descriptions  of  terrain  surface  have  fallen  short  of  explaining 
the  experimental  observations,  usually  underestimating  the  signal  returned  from  smoother 
terrain  types.  Attempts  to  extrapolate  theories  developed  for  microwave  frequencies  down 
to  HF  have  run  into  difficulty.  The  author  would  like  to  suggest  further  investigation 
of  the  possibility  that  at  HF  the  inhomogeneity  of  surface  and  subsurface  electrical 
parameters200,  rather  than  surface  contour,  is  the  important  factor. 

The  fourth  item  is  to  develop  further  the  versatility  and  capability  of  ray-tracing 
procedures  in  producing  synthetic  backscatter  records.  As  an  aid  to  visualization  and 
interpretation,  they  should  be  almost  indispensable. 

To  this  short  list  the  reader  will  undoubtedly  be  able  to  add  many  items,  some  of 
which  may  well  seem  more  urgent  to  him  than  these. 


5.  BIBLIOGRAPHY  ON  HF  GROUND  SCATTER 

The  compilation  of  a  bibliography  involves  a  selection  of  material  from  all  that  is 
available  and  relevant.  The  content  is  circumscribed  by  the  interests  of  its  author  and 
the  resources  available  to  him.  The  chief  criterion  for  inclusion  of  each  of  the 
references  below  is  its  relationship  to  the  scattering  of  radio  energy  from  the  ground 
(the  term  "ground"  is  interpreted  to  mean  “the  surface  of  the  earth”,  including  both  land 
and  sea).  Articles  dealing  exclusively  with  scattering  from  upper -atmosphere  ionic 
structures  have  not  been  included,  except  in  one  or  two  cases  needed  to  complete  the  his¬ 
torical  sequence.  Chief  emphasis  has  been  on  ground  scatter  in  the  HF  range.  However, 
in  the  case  of  category  [3],  references  to  some  work  at  higher  frequencies  have  been 
given  because  of  the  dearth  of  material  treating  the  HF  case.  The  bibliography,  though 
extensive,  is  not  exhaustive.  Suggestions  of  additional  significant  and  relevant 
references  would  be  welcomed  by  the  author. 

Articles  will  fall  into  one  of  the  following  five  categories:  [l]  those  of  historical 
interest,  giving  background  to  the  discovery  and  study  of  ground  scatter,  [2]  those  deal¬ 
ing  with  the  theory  and  observation  of  radio  transmission  involving  ground  scatter,  [3] 
those  treating  the  ground  scatter  coefficient  explicitly,  [4]  those  discussing  engineering 
or  scientific  applications  of  ground  scatter  phenomena  or  equipment  development,  and  [5] 
references  to  other  related  bibliographies. 

The  references  are  grouped  by  year  of  publication  to  highlight  the  historical  develop¬ 
ment  of  the  subject,  especially  that  during  the  early  years.  Full  titles  of  papers  are 
given  to  assist  the  reader  in  utilizing  the  bibliography.  In  a  number  of  cases  it  has 
been  possible  to  give  two  or  more  sources  for  essentially  the  same  material.  Where  this 
occurs,  a  single  author  entry  will  be  followed  by  two  or  more  references,  listed  under 
the  year  in  which  the  material  first  appeared,  In  a  very  few  cases  this  procedure  leads 
to  the  anomaly  of  a  reference  appajantly  listed  in  the  wrong  year.  The  numbers  in  square 
brackets,  e.g.,  [3,  4],  which  precede  the  author’s  name,  indicate  this  author’s  classifi¬ 

cation  of  the  reference  according  to  the  five  categories  above.  An  author  index  to  the 
references  follows  the  chronological  list. 
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SUMMARY 


Scattering  from  rough  surfaces  is  reviewed  in  terms  of  analytical  and 
experimental  results.  The  angle  of  incidence  and  wavelength  of  the 
incident  electromagnetic  wave,  polarization  of  the  wave  with  respect  to 
the  surface,  effective  dielectric  constant  and  conductivity  at  the  sur¬ 
face,  and  the  surface  roughness  spectrum  relative  to  wavelength  are 
parameters  introduced  in  descriptions  of  backscatter  variations.  The 
rough  surfaces  include  ocean  roughness  in  the  form  of  sea  states  gener¬ 
ated  by  different  wind  speeds  and  sea  ice  in  the  Arctic  regions.  Tbe 
sea  states  were  observed  with  radar  scatter  techniques  over  ocean  sectors 
offshore  from  Bermuda,  Newfoundland,  and  Iceland.  Sea  ice,  separated 
into  polar  (several  years  old)  and  winter  (less  than  one  season  old) 
ice,  was  observed  in  the  Beaufort  Sea  near  Point  Barrow,  Alaska. 

Measurements  of  the  variations  of  the  radar  scattering  coefficient 
with  the  above  parameters  are  made  with  the  radar  scatterometer.  Cor¬ 
relations  of  the  scattered  signal  with  the  terrain  are  achieved  with 
ground  truth  observations  of  terrain  characteristics. 
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SURFACE  SCATTERING  IN  OCEAN  ROUGHNESS 
AND  SEA  ICE  STUDIES 

Albert  W.  Biggs 


1.  INTRODUCTION 

A  broad  discussion  of  all  aspects  of  radar  scattering  research  -  theory,  computation, 
and  experiment  -  is  presented  in  the  August  1965  issue  of  the  IEEE  Proceedings.  Analytical 
discussions  by  Beckmann1  and  Kodis2  cover  scattering  from  rough  surfaces  in  contrast  with 
scattering  from  discrete  objects  such  as  spheres,  finite  cones,  and  similar  symmetrical 
ground-plane  shapes.  Beckmann  derives  an  expression  for  mean  backscattered  power  per  unit 
power  as  a  function  of  the  angle  of  incidence.  His  results  compare  favorably  with  experi¬ 
mental  measurements  by  Evans  and  Pettergill3.  Although  the  other  papers  in  this  issue  are 
concerned  with  discrete  object  backscatter,  a  bibliography  by  Corriher  and  Pyronu  of 
approximately  1500  papers  is  useful  for  additional  radar  scatter  papers.  A  more  current 
bibliography  on  rough  surface  scatter  has  been  prepared  by  Walters5  for  backscatter  from 
the  earth’ s  surface. 

Scattering  from  a  surface  with  a  roughness  small  in  comparison  with  the  incident  wave¬ 
length6  represents  a  low  frequency  spectral  response,  while  that  from  a  surface  with  a 
roughness  large  in  comparison  with  the  incident  wavelength7  represents  high  frequency 
spectral  response.  The  theories  covering  the  frequency  spectrum  from  smooth  to  rough 
surfaces  are  described  in  detail  by  Fung8. 

Backscatter  measurements  of  rough  surfaces  have  been  made  with  radar  imagery  and 
scatterometry9.  An  imaging  radar  measures  the  same  backscatter  as  that  seen  by  a  scattero- 
meter,  but  only  at  one  angle.  The  scatterometer  is  more  versatile  in  examining  the  scatter¬ 
ing  properties  of  the  earth’ s  surface  because  they  can  be  measured  at  angles  ranging  from 
60°  forward  to  60°  aft.  Since  more  information  is  obtained  on  roughness  with  scatterometers, 
the  measurements  described  subsequently  will  be  limited  to  scatterometry. 

The  terrain  investigated  by  scatterometry  can  include  oceans,  sea  ice,  coastal  regions, 
forests,  agricultural  regions,  and  geological  areas.  The  results  from  scatterometer  measure¬ 
ments  over  the  ocean  can  be  used  to  provide  information  on  sea  states  and  winds10.  Flights 
over  sea  ice  with  scatterometers  will  indicate  ice  thickness  and  surface  features.  Agri¬ 
cultural  scatter  can  differentiate  various  stages  of  growth  of  grain  crops  (wheat  or  barley) 
and  types  of  crops  (grain,  corn,  and  beans).  Timber  cruising  on  foot  can  be  replaced  by 
flights  over  inaccessible  growth.  Identification  of  geological  characteristics  is  achieved 
in  Pisgah  Crater  in  Reference  11. 


2.  SCATTEROMETERS 

A  scatterometer  is  a  radar  developed  to  obtain  backscatter  characteristics,  the  scattering 
coefficients,  of  a  sector  of  the  earth’s  surface  for  a  wide  range  of  incidence  angles. 

The  variation  is  achieved  with  a  fan  beam  antenna  pattern,  wide  along  the  direction  of 
the  flight  path  and  very  narrow  across  the  flight  path.  The  nature  of  the  return  signal 
produces  a  Doppler  frequency  dependent  upon  the  angle  of  incidence.  The  resolution 
cell  sampled  has  a  width  established  by  the  antenna  pattern  and  a  length  (along  the  flight 
path)  fixed  by  the  bandwidths  of  the  filters  for  each  increment  of  incidence  angle. 
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Parameters  influencing  the  backscatter  in  a  particular  resolution  cell  include 

wavelength 
polarization 
incidence  angle. 

In  addition  to  the  surface  roughness  variations  with  frequency,  the  dielectric  properties 
(including  losses)  of  different  materials  change  with  frequency.  The  combination  of  these 
effects  creates  variations  in  scattering  coefficient  with  frequency.  The  influence  of  both 
specular  and  non-specular  reflection  is  also  found  in  polarization  variations.  The  specular 
effect  creates  different  reflection  coefficients  for  horizontal  and  vertical  polarization, 
and  the  non-specular  effect  creates  de-polarization.  Coupled  with  these  is  the  influence 
of  incidence  angle.  Return  drops  with  larger  angles,  but  the  rate  is  frequency-dependent. 

The  above  parameters  are  dependent  on  the  terrain  characteristics, 

surface  roughness 
dielectric  constant 
conductivity  or  loss  factor 
stratification 

inhomogeneities  or  mixed  paths. 

Hie  surface  roughness  will  predominate  over  any  subsurface  properties  at  the  high  frequency 
end  of  radar  scatterometry  operation.  As  the  frequency  decreases,  the  dielectric  constant 
and  loss  factor  (or  conductivity)  of  the  region  near  the  surface  have  an  effect  which 
eventually  dominates  the  backscatter.  Since  no  terrain  is  homogeneous  over  practical  depths, 
the  stratification  must  be  considered.  This  factor  increases  in  importance  with  decreasing 
frequency  because  the  skin  depth  senses  more  layers  with  diverging  properties.  Inhomo¬ 
geneities  or  changes  in  dielectric  properties  along  the  flight  path  also  influence  the 
return  when  the  mixed  path  occurs  in  a  given  resolution  cell. 

These  parameters  and  characteristics  are  indicated  as  aids  in  interpreting  anomalous 
results  and  in  developing  analytical  models.  They  introduce  methods  for  evaluating  and 
interpreting  scatterometry  results. 


3.  SEA  STATES 

The  surface  of  the  sea  over  a  prescribed  resolution  cell  can  be  described  with  a  spectrum 
depending  upon  the  winds  and  their  past  histories.  The  scattering  coefficient  curve,  as 
a  function  of  incidence  angle,  also  depends  upon  the  surface  of  the  sea.  Since  the  scattero- 
meter  measures  only  ocean  roughness,  and  this  is  a  sea  state,  the  winds  can  be  inferred. 

The  dielectric  properties  of  the  sea  are  homogeneous  and  do  not  influence  the  scattering 
coefficient. 

Representative  sea  state  measurements  are  shown  in  Figure  1.  The  scattering  coefficient 
is  plotted  in  decibels  versus  the  incidence  angles.  The  dynamic  range  required  for  a 
scatterometer  is  determined  by  the  lowest  sea  state  desired.  An  extremely  rough  sea  would 
have  a  constant  scattering  coefficient  from  0°  to  70°  (or  90°).  A  smooth  sea  will  have 
almost  all  specular  reflection  and  negligible  scatter.  Three  sea  states  have  been  identified 
in  flights  offshore  from  Bermuda,  Newfoundland,  and  Iceland. 


4.  SEA  ICE 

The  only  scatterometry  data  taken  over  sea  ice  are  shown  in  Figures  2  and  3.  The  sea 
ice  consists  of  winter  ice  and  polar  ice.  Winter  ice  is  relatively  smooth  and  thin 
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because  it  is  less  than  a  year  in  age.  Polar  ice  is  rougher,  thicker,  and  more  than  a  year 
in  age.  The  ground  truth  along  the  flight  path  is  presented  with  the  scatter  return  for 
two  typical  angles  of  incidence.  The  scattering  coefficient  is  plotted  as  a  function  of 
distance  to  illustrate  the  variation  in  roughness  along  the  path. 


5.  CONCLUSIONS 

Some  of  the  aspects  of  radar  scatterometry  have  been  described.  Although  parameters  and 
characteristics  have  been  discussed,  additional  data  are  needed  at  lower  frequencies  with 
multi-polarization  capabilities.  Analytical  studies  of  the  influence  of  dielectric  proper¬ 
ties  will  avoid  anomalous  results  when  the  data  is  interpreted. 
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Fig.l  Representative  sea  state  measurements 
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ANALYSE  DES  PHENOMENES  DE  DIFFUSION  LATERALE 
DANS  UNE  EXPERIENCE  BISTATIQUE  A  L’ AIDE  DE  DEUX 
RADARS  MONOSTATIQUES  DECAMETRIQUES 


par 


M.  Crochet 


Laboratoire  de  Physique  de  1’ Exosphere. 
Faculty  des  Sciences  de  Paris,  France 


RESUME 


Une  experimentation  bistatique  Valensole  (Prance)  -  Guadeloupe  (Antilles) 
a  permis  d’  analyser  des  propagations  par  diffusion  latdrale  &  l’aide  de 
Bondages  par  retrodiffusion.  Les  zones  de  diffusion  sont  determin^es  A 
l’aide  du  retard  des  signaux  et  diff^rents  types  de  propagation  (rAguliAre 
ou  par  supermodes)  sont  analyses.  Le  coefficient  de  diffusion  latArale  sur 
mer,  pour  des  elevations  d’ une  dizaine  de  degres,  est  trouve  de  l’ordre  de 
-  22  dB  et  sensiblement  independant  de  l’azimut. 
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ANALYSE  DES  PHENOMENES  DE  DIFFUSION  LATERALE 
DANS  UNE  EXPERIENCE  BISTATIQUE  A  L’  AIDE  DE  DEUX 
RADARS  MONOSTATIQUES  DECAMETRIQUES 

M.  Crochet 


1.  INTRODUCTION 

De  nombreuses  recherches  ont  6t6  poursuivies  sur  la  nature  des  propagations  hors 
du  grand  cercle  1-4  en  ondes  d^camdtriques.  L’ importance  des  ph^nom^nes  de  diffusion  au 
sol  a  ^t^  raise  en  Evidence  par  le  determination  des  directions  d’arriv^e  et  des  etudes  de 
"frequence  maximum  utilisable"  sur  les  differentes  trajectoires 1  ’  2. 

Les  zones  de  diffusion  laterale  pour  une  trajectoire  particuliere  ont  ete  localisees  par 
Wolfram  par  une  determination  originate  des  azimuts  &  remission  et  &  la  reception.  Dans  la 
technique  des  emissions  pulsees,  1* etude  des  retards  relatifs  des  differentes  parties  du 
signal  perniet  de  definir  les  accroissements  de  trajets  dfls  aux  diffusions  laterales,  alors 
que  des  informations  obtenues  par  retrod  if fusion  aux  deux  extremltes  de  la  liaison  conduisent 
k  la  localisation  des  zones  de  silence3.  C’  est  cette  derni&re  methode  qui  a  ete  utilisee 
et  dont  les  resultats  vont  §tre  presentes. 

2.  DESCRIPTION  DE  L’ EXPERIENCE 

L’ existence  de  deux  stations  dquip^es  pour  les  sondages  par  retrodiffusion  4  Valensole 
(6°E,  45°N)  et  4  la  Guadeloupe  (67°W,  16°N)  a  permis  des  experiences  en  bistatique  (oil 
l’on  utilise  4  l’une  des  stations  les  impulsions  emises  par  1’ autre)  compietee  par  des  in¬ 
formations  obtenues  en  monostatique  (oil  chaque  station  fonctionne  en  radar  d  retrodiffusion) 
aux  deux  extremltes  de  la  liaison. 

A  la  Guadeloupe,  station  du  Centre  National  d’ Etudes  et  Telecommunications,  un  aerien 
log-periodique,  utilise  en  emission-reception,  est  pointe  dans  le  N  -  N  W,  presentant  une 
largeur  de  lobe  d’ environ  120°  k  12  dB  pour  une  frequence  de  10  Mhz.  A  cet  adrien  est 
couple  un  emetteur  AME  de  puissance  de  crSte  150  kW. 

A  la  station  de  Valensole,  un  reseau  de  radiateurs  bicdniques  presentant  un  maximum  de 
rayonnement  pour  un  azimut  de  285°  et  une  largeur  de  lobe  de  15°  A  12  dB  k  une  frequence  de 
10  Mhz,  est  associe  d  un  amplificateur  HF  Granger  de  puissance  de  crfite  100  kW. 

Les  emissions  des  deux  stations  sont  pulsees  k  une  cadence  de  5  Hz  avec  une  duree 
d* impulsion  r  de  1  milliseconde.  Les  cadences  de  pulsage  presentant  un  ecart  de  l’ordre  de 
10'4,  une  derive  relative  des  signaux  requs  en  fonctionnement  bistatique  par  rapport  aux 
signaux  retrodif fuses  permet  de  les  distinguer  (Fig. 5b). 

On  remarque  (Fig.l)  que  pour  chaque  station  la  direction  de  1’ autre  station  est  situee  en 
dehors  des  maxima  de  rayonnement.  Les  puissances  reques  par  le  trajet  direct  seront  done 
faibles  (-38  dB  par  rapport  k  1’ optimum).  Cette  orientation  relative  des  aeriens  est  done 
particuli^rement  propice  k  l'dtude  des  propagations  hors  du  grand  cercle. 
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3.  METHODE  D’  INTERPRETATION  DES  RESULTATS 

3.1  Localisation  de  Zones  de  Diffusion  LatArale 

A  une  heure  donnAe  et  pour  une  frequence  de  fonctionnement.  fixAe  les  regions  du  globe  qui 
vont  contribuer  A  la  formation  des  Achos  par  diffusion  latArale  sont  celles  qui  peuvent 
recevoir  de  1' Anergic  des  deux  stations  du  fait  des  diagrammes  de  rayonnement  des  deux 
aAriens  et  des  conditions  de  propagation. 

Ces  zones  pourront  Atre  dAfinies  A  partir  des  enregistrements  par  rAtrodiffusion  pour  une 
frequence  donnAe  en  corrigeant  les  trajet  de  groupe  observes  pour  obtenir  les  distances  au 
sol. 

Les  situations  gAographiques  diffArentes  des  deux  stations  conduisent  A  des  aspects 
diffArents  de  la  propagation.  La  Guadeloupe,  station  tropicale,  est  dans  une  zone  oA  les 
frequences  critiques  sont  nettement  plus  AlevAes  que  pour  Valensole  (zone  tempArAe).  La 
frequence  de  fonctionnement  commune  ayant  ete  en  general  determinee  par  les  conditions  de 
propagation  A  partir  de  Valensole,  la  premiere  zone  de  silence  est  plus  Atroite  autour  de 
la  Guadeloupe  qu’  auto  Ur  de  Valensole.  D’ autre  part,  les  zones  de  silence  d’ ordre  supArieur 
n' existent  pas  autour  de  la  Guadeloupe  car  les  distances  de  premier  bond  pour  les  angles 
bas  sont  supArieures  au  double  du  rayon  de  la  zone  de  silence. 

L'aArien  de  la  Guadeloupe  Atant,  de  plus,  nettement  moins  direct  if  que  celui  de  Valensole, 
on  considArera  que  les  zones  possibles  de  diffusion  latArale  sont  pratiquement  dAfinies  par 
le  seul  diagramme  de  1’aArien  de  Valensole.  Les  enregistrements  de  rAtrodiffusion  obtenus 
A  Valensole  A  une  heure  donnAe  (Pig.l)  permettent  ainsi  de  placer  ces  zones  en  distance  par 
rapport  A  cette  action. 

Par  superposition  d’ une  famille  de  courbes  “isodistance”  (courbes  lieux  des  points  dont 
la  somme  des  distances  aux  deux  stations  est  constante),  on  determiners  les  retards  des 
diffArents  modes  que  1’  on  doit  observer  par  diffusion  latArale  en  fonctionnement  bistatique. 

On  a  reprAsentA  sur  la  Figure  3  les  retards  et  les  angles  de  diffusion  latArale  en  fonction 
de  la  distance  de  la  zone  de  diffusion  A  Valensole. 

3.2  Effect  de  la  DurAe  Finie  de  1’ Impulsion 

A  un  instant  t,  dAfini  par  un  retard  At,  donnA  par  rapport  au  front  avant  de  l’onde 
directe,  le  niveau  instantanA  d’Anergie  dans  1’  Acho  requ  par  diffusion  est  la  rAsultante  de 
tous  les  rayons  diffuses  latAralement  au  sol  A  1’intArieur  d’un  anneau  limitA  par  les 
courbes  isodistance  de  parametre  At  et  At  -  r,  r  Atant  la  durAe  de  1’ impulsion  Amise.  Les 
zones  communes  A  ces  anneaux  et  au  diagramme  de  rayonnement  de  1’ aArien  de  Valensole 
conduisent  A  des  configurations  nettement  diffArentes  selon  la  position  gAographique  des 
zones  considArAes,  et  en  particulier,  selon  la  distance  A  la  station  de  Valensole:  pour  de 
faibles  retards,  par  exeraple  At  =  2  ms,  et  une  durAe  d’ impulsion  de  1  ms  la  zone  possible 
de  diffusion  (Fig. 2,  zone  B)  s’Atend  entre  2000  et  6000  km  le  long  de  la  trajectoire,  alors 
que  pour  des  retards  importants  de  1' ordre  de  30  ms  (Fig.  2,  zone  A)  la  zone  de  diffusion  n’a 
qu’ une  profondeur  de  300  km  le  long  de  la  trajectoire  et  une  largeur  Agale  A  celle  du 
diagramme  de  rayonnement.  Pratiquement  on  dAterrainera  aisAment  la  zone  de  diffusion  pour 
des  retards  importants,  alors  qu’ une  superposition  de  signaux  provenant  de  zones  situAes  A 
des  distances  notablement  diffe'rentes  pourra  exister  pour  les  faibles  retards. 

3.3  Determination  du  Coefficient  de  Diffusion  LatArale 

Le  coefficient  de  diffusion  latArale  a  (A,  0)  sera  determine  en  comparant  A  Valensole  les 
niveaux  relatifs  de  1’onde  directe  et  de  1’ onde  diffusAe. 

Les  conditions  de  propagation  et  de  rayonnement  des  aAriens  iaposent  des  angles  d’AlAvation 
A  compris  entre  5°  et  15°,  A  une  frequence  de  10  Mhz  pour  les  heures  d’ observation.  On 
pourra  done  considArer  que  les  valeurs  obtenues  pour  u  seront  valables  pour  des  AlAvations 
de  1’ ordre  de  10°. 
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La  puissance  directe  reque  en  V  peut  a’Acrire 
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Notations: 


puissance  emise  en  G 
gain  en  G  selon 
gain  en  G  selon  r2 
surface  de  captation  en  V  selon  r. 
surface  de  captation  en  V  selon  r. 
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Cette  expression  est  valable  de  nuit  lorsque  1’ absorption  est  ndgligeable.  De  jour,  il  est 
necessaire  d’ introduire  un  facteur  correctif  egal  au  rapport  des  attenuations sur  les  deux 
trajectoires. 


4  RESULT ATS  EXPERIMENTAUX 

Au  cours  de  deux  periodes  d’ experimentation,  en  mars  1966  et  en  juin  1967,  un  certain 
nombre  d’ enregistrements  ont  ete  obtenus.  Pour  un  jour  et  une  heure  donnes,  les  principales 
caracteristiques  de  la  propagation  sont  classees  dans  un  tableau.  Pour  une  zone  de 
diffusion  reperee  par  le  type  d’echo  auquel  elle  correspond  en  retrodiffusion  et  par  les 
paramAtres  r2,  r3  (Fig. 4)  le  retard  Atc  est  determine  A  1’ aide  des  courbes  “isodistance” 
et  compare  au  retard  observe  Atq  .  Le  paramfetre  p,  rapport  entre  l’energie  d’un  signal 
propage  par  diffusion  et  l’energie  du  signal  direct  est  exprime  en  decibels,  ainsi  que  le 
paramfetre  rj,  rapport  des  absorptions  non  deviatives  sur  les  deux  trajectoires.  Pour  de 
faibles  retards  le  coefficient  de  diffusion  cr  n' a  pas  ete  determine  car  des  modes  d’ ordre 
superieur  de  l’onde  directe  peuvent  se  superposer  aux  signaux  diffuses. 


Le  16/3/1966  entre  21  h  et  22  h  TU,  pour  une  propagation  de  type  normal,  1’ echo  observe 
en  liaison  point  A  point  a  une  structure  tres  fluctuante  (Pigs. 5a  et  5b),  dans  laquelle 
deux  maxima,  nij  et  m2  ,  persistent  pour  des  ret  irds  de  4  et  7,5  ms,  ia  methode  d’ analyse 
decrite  precedemment  permet  d’ associer  au  premier  mtximum  mx  (Tableau  I)  la  zone  correspondent 
k  1’ echo  localise  A  6000  km  en  M:  sur  1’ enregistrenent  par  retrodiffusion  obtenu  A 
Valensole  (Fig. 5c). 


Dans  ce  cas  particulier,  les  coefficients  de  diffusion  calcuies  pour  les  differentes  zones 
presentent  un  certaine  dispersion.  L’ existence  d’ absorption  sur  une  partie  de  la  trajectoire 
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et  les  ph^nom&nes  de  focalisation,  difficiles  k  ^valuer,  ne  permettent  pas  une  grande 
precision  dans  le  calcul. 

Le  23/3/1966  entre  06  h  et  07  h  15  TU,  la  propagation  vers  1* ouest  au  lever  du  soleil  est 
caract^risde  par  1’ existence  de  “supermodes"5.  Un  echo  produit  par  un  tel  mode  est 
visible  k  une  distance  de  11.500  4  13.500  km  sur  la  Figure  6b  ou  il  se  diff^rencie  des  echos 
normaux  par  le  fait  que  sa  distance  ne  change  pas  quand  la  frequence  varie.  La  zone  de 
diffusion  correspondante  produit,  en  fonctionnement  bistatique,  un  signal  S  retard^  de  40  ms 
(Fig. 6a). 

Le  Tableau  II  resume  les  r^sultats  relatifs  4  1*  ensemble  des  modes  normaux  et  anormaux  observes: 
la  dispersion  dans  les  coefficients  est  beaucoup  plus  faible  et  montre  en  particulier  que  ce 
param&tre  est  peu  sensible  k  l’azimut. 

Le  30/7/67  des  situations  analogues  k  la  pr4c^dente  ont  observes  avec  presence  de 
modes  anormaux.  Les  rdsultats  correspondants  sont  rassembl^s  dans  le  Tableau  III  et  font 
apparaltre  un  coefficient  de  diffusion  lat^rale  du  m£me  ordre. 

Les  r^sultats  du  calcul  du  coefficient  do  diffusion  latdrale  conduisent  a  une  m§me  valeur 
moyenne  a  =  -  22dB,  pour  une  surface  diffusante  qui,  d’ apr&s  la  configuration  de  la 

trajectoire  (Fig.l),  est  ge'n^ralement  la  mer. 

II  est  possible  que  les  valeurs  plus  fortes  (cr  =  -  16  dB)  du  Tableau  I  proviennent  d’  une 
diffusic*’  sur  la  cote  Est  de  l’Am^rique  du  Nord  qui,  par  son  orientation  favorable  en 
bordure  de  trajectoire,  entre  6000  et  8000  km,  introduirait  une  modification  importante  des 
coefficients  de  diffusion. 

5.  CONCLUSION 

L’ etude  d’ une  liaison  bistatique  puisne  s’ appuyant  sur  des  sondages  par  r^trodiffusion 
permet  de  d^finir  les  zones  diffusantes  au  sol  qui  contribuent  k  la  formation  du  signal 
complexe  requ. 

Les  ph^non.6nes  de  focalisation  par  les  couches  et  d’ absorption  non  d^viative  peuvent 
rendre  difficiles  revaluation  du  coefficient  de  diffusion.  Cependant  les  r^sultats  moyens, 
voisins  de  -  22  dB,  pour  des  elevations  d’ une  dizaine  de  degres,  quelque  soit  l'azimut  de 
deviation,  semblent  indiquer  une  certaine  isotropie  dans  le  diagramme  de  diffusion  de  la 
surface  de  la  mer. 
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Tableau  III  30.06.1967  matin  fslOMhz 
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Figure  1 


Figure  2 


Figure  3 


Figure  4 


Figure  5 


LECFNDE  DES  FIGURES 


Diagrammes  de  rayonnement  (projection  Mercator) 

limites  de  la  zone  4clair4e  (A  12  dB.)  par  1’  derien  de  Valensole. 

limites  de  la  zone  4clair4e  (a  12  dB)  par  l’a4rien  de  la 
Guadeloupe. 

6 .  distance  depuis  Valensole  (en  railliers  de  kilometres) 


Zone  recevant  de  1'  4nergie  a  10  Mhz  le  23/3/1966  a  00400  TU. 


Zone  donnant  des  4chos  de  sol  a  Valensole. 


Courbes  isodistances  Valensole-Guade  loupe  (projection  Mercator) 
courbes  isodistances  (retard  en  millisecondes) 


zones  eclairees  par  des  impulsions  de  1  milliseconde  A:  11,500  km, 
B  :  2000  h.  5500  km 


Retard  et  angle  de  diffusion  laterale  en  fonction  de  la  distance  de  la  zone  de 
diffusion  a  Valensole 


Resultats  experimentaux 


Geometric  de  la  diffusion 


(pas  de  legende) 


Figure  6  (pas  de  l4gende) 


16.03.1966 
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SOME  FEATURES  OF  HF  BACKSCATTER  IONOGRAMS 


by 
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Baddow  Research  Laboratories, 
Great  Baddow,  Essex, 
England. 


SUMMARY 


On  several  days  the  backscattered  returns  from  swept- frequency  fixed- 
azimuth  HP  pulse  transmissions  have  been  recorded  on  P'f  ionograms  at 
one-minute  Intervals.  The  rapid  sequence  allows  an  examination  of 
changes  of  detail  in  the  backscatter  signals.  Usually  the  returns 
indicated  have  a  range  spread  of  little  more  than  a  pulse  width.  The 
predominant  feature  is  a  return  with  a  range  which  Increases  with 
increasing  frequency;  this  is  ascribed  to  focusing  of  the  minimum  time 
paths  via  the  F-region.  Other  returns  are  observed  at  greater  ranges 
and  these  often  have  a  range  which  is  approximately  independent  of 
frequency.  It  is  suggested  that  these  are  due  to  travelling  disturbances 
in  the  ionosphere. 

Detailed  examination  has  not  indicated  any  preferred  ranges  for  back¬ 
scatter  returns  and  it  is  concluded  that,  for  a  path  which  traverses 
land  without  outstanding  profile  features,  the  ionospheric  variations 
are  more  important  than  ground  scatter  variations  in  determining  the 
ranges  at  which  returns  are  observed. 
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SOME  FEATURES  OF  KF  BACKSCATTER  IONOGRAMS 
L.  W.  Barclay 


1.  INTRODUCTION 

A  Granger  100  kW  peak  power  backscatter  sounder  has  been  operated  at  a  site  In  Essex, 
England,  for  several  years.  The  sounder  feeds  an  antenna  array  comprising  18  vertically- 
polarised  log-periodic  aerials  arranged  broadside,  so  that  the  main  radiation  is  at  an 
azimuth  of  88°.  This  array  has  a  nominal  azimuthal  beamwidth  of  5°  at  10  MHz.  Hie  trans¬ 
mission  path  is  almost  entirely  overland  and  avoids  any  large-scale  ground  features,  such 
as  mountain  ranges  or  coast  lines,  apart  from  the  nearby  North  Sea  coasts.  Recently  an 
interference  suppression  unit  has  been  constructed  and  this  has  allowed  the  photographic 
recording  of  P'f  ionograms.  Recordings  have  been  made  at  one-minute  intervals  for  several 
24-hour  periods  and  also  at  other  times.  These  rapid  ionograms  show  features  which  have 
not  been  apparent  in  the  longer  duration  ionograms  published  by  other  workers.  This 
contribution  is  intended  only  to  provide  a  qualitative  description  of  Borne  of  the  ionograa 
features  observed. 

The  ionograms  extend  from  4  to  32  MHz  in  three  linear  octave  bands  and  allowance  must 
be  made  for  the  2  to  1  changes  in  frequency  scale  at  one-third  and  two-thirds  along  the 
ionogram;  a  frequency  scale  is  included  in  Figure  1.  Range  marks  are  included  at  the 
interval  noted  in  the  caption  to  each  figure.  The  standard  pulse  width  has  been  500  /zs. 

Up  to  five  sweeps  on  each  channel,  depending  on  the  operation  of  the  interference  suppressor, 
are  recorded  in  ionogrnms  taken  in  one  minute.  Longer  duration  ionograms  have  been  made 
by  recording  several  frequency  sweeps  on  one  exposure. 


2.  IONOGRAM  FEATURES 

Most  backscatter  ionograms  featured  in  the  literature  have  a  minimum  slant  range  which 
increases  with  frequency  and  also  have  returns  extending  beyond  this  minimum  range.  Figure  1 
is  an  example  of  such  an  ionogram  which  was  recorded  in  ten  minutes.  Even  this  ionogram 
shows  a  more  limited  range  spread  than  might  have  been  expected  and  this  may  be  due  in  part 
to  the  narrow  azimuthal  beam  and  to  poor  low  angle  radiation  from  the  antenna.  However, 
ionograms  taken  in  one  or  two  minutes  invariably  show  returns  which  are  even  more  restricted. 
An  extreme  example  is  shown  in  Figure  2  where,  at  a  time  shortly  after  sunrise,  the  returns 
are  confined  to  a  single  pulse  width.  Such  a  limited  response  may  be  ascribed  to  minimum- 
time  (loosely,  “skip-distance")  focusing  in  conjunction  with  a  very  poor  ground  scattering 
coefficient.  Previous  work1  attempted  to  explain  the  limited  nature  of  the  returns  by 
conventional  HF  prediction  technique,  without  reference  to  focusing  effects,  but  such  methods 
cannot  explain  the  rapid  decrease  in  signal  beyond  the  first  return. 

Usually  ionograms  are  more  'omplex  than  that  shown  in  Figure  2,  and  show  some  structure 
beyond  the  minimum-time  returns.  An  example  is  given  in  Figure  3,  where  the  changes  in 
successive  two-minute  intervals  may  also  be  seen.  The  sum  of  these  intermittent  and  variable 
returns  may  also  account  for  part  of  the  range  extension  seen  on  long  duration  ionograms. 

The  minimum-time  returns  in  Figure  3  do  not  show  the  smooth  increase  with  frequency  expected 
from  a  simple  consideration  of  a  smooth  ionosphere.  This  is  a  common  occurrence  which  is 
also  illustrated  in  Figure  4. 
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Examination  of  a  long  sequence  of  one-minute  ionograms  shows  the  presence  of  “flat” 
returns,  which  have  a  range  which  is  constant  or  which  decreases  slightly  with  increasing 
frequency.  Usually  these  traces  decrease  in  range  in  successive  ionograms.  An  example 
which  shows  two  such  features,  one  of  which  extends  through  the  minimum  time  return  at 
high  frequency,  is  shown  in  Figure  S.  Figure  6  shows  a  sequence  of  ionograms  through  which 
the  progression  of  one  of  these  features  may  be  followed. 

Such  moving  features  have  been  examined  in  detail  in  the  recordings  made  on  the  17/18 
November  1966.  They  occurred  most  frequently  in  the  afternoons  and  the  ranges  at  which 
they  were  observed  are  shown  in  Figure  7.  Although  it  wr.s  difficult  at  times  to  positively 
relate  the  traces  seen  in  successive  ionograms,  the  tendency  shown  in  Figure  7  is  for  several 
groups  of  points  to  decrease  in  range  with  time.  The  range-change  is  800-1200  km  per  hour. 
These  features  are  probably  due  to  focusing  caused  by  travelling  ionospheric  disturbances, 
which  would  have  speeds  from  east  to  west  of  about  half  the  rate  of  range-change  observed. 

A  few  particular  features  could  be  followed  with  reasonable  certainty  for  10  to  15  minutes 
and  the  rate  of  range-change  of  one  of  these  is  approximately  960  km  per  hour  (Fig.  8). 

Some  moving  features  were  also  observed  in  the  morning  period,  but  these  were  less 
distinct  and  had  a  range  which  increased  with  frequency.  One  of  these  was  followed  for 
12  minutes  (Fig. 9)  and  showed  a  range  increase  at  a  rate  of  1140  km  per  hour. 

The  records  have  been  examined  for  any  Indications  of  preferred  ranges  of  the  returns, 
but  none  were  found.  As  stated  earlier,  the  path  observed  has  no  large-scale  topographical 
variations  and  the  smaller  features  are  apparently  masked,  either  by  Ionospheric  variability 
or  by  the  500  /u.s  pulse  length.  The  predominant  cause  of  the  observed  backscatter  returns 
is  focusing  due  to  ionospheric  variations.  This  conclusion  is  contrary  to  that  of  some 
other  workers  and  it  may  be  a  fruitful  subject  for  discussion. 
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Fig.  3.  Change  in  ionograms  during  7  minutes,  1/12/66.  (Range  mark  interval  300  km) 
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Pig.  6.  The  movement  of  an  ionospheric  feature.  16.10-14  h  GMT,  17/11/66. 

(Range  mark  interval  1500  km) 
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Change  of  the  observed  range  of  a  moving  ionospheric  feature 
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Change  of  the  observed  range  of  a  moving  ionospheric  feature 
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DISCUSSION  ON  THE  PAPERS  PRESENTED  IN  SESSION  I  (GROUND  SCATTER) 


Discussion  on  Paper  1,  "Ground  Scatter  in  Review "  by  E.C.Hayden. 


Dr  Phillip  Newman:  Dr  Hayden  has  managed  to  speak  at  length  about  the  subject  of  ground 
scatter  without  using  the  word  “clutter”,  which  would  detract  perhaps  from  the 
“respectability”  of  the  subject.  Another  term  one  misses  is  “Rayleigh's  criterion"  for 
smoothness  of  an  area. 

Dr  E.C.Hayden:  Perhaps  this  is  because  ground  scatter  primarily  has  been  used  as  a  tool 
for  the  study  of  other  phenomena,  and  hence  has  been  considered  a  desirable  phenomenon, 
rather  than  something  which  obscures.  One  exception  is  the  study  of  remote  meteor  inci¬ 
dence,  i.e.  meteor  incidence  above  the  scattering  region,  or  detection  of  other  remote 
targets  above  the  surface  of  the  earth.  With  respect  to  Rayleigh’ s  criterion  for 
roughness,  I  pointed  out  that  backscattering  models  based  just  on  surface  contour,  or 
descriptions  of  surface  roughness,  do  not  appear  to  su  fice  in  explaining  the  observed 
behavior. 

Question  to  Dr  Hayden:  Regarding  your  comment  on  the  role  of  subsurface  features,  is  there 
any  research  relating  ground  backscatter  to  ground  surface  conductivity  maps,  seasonal 
rainfall,  ground-water  table  features,  etc? 

Dr  E.C.Hayden:  See  the  second  paper  in  this  session  for  microwave  data.  I  know  of  only 
one  source  that  seems  to  treat  the  subject  at  HF  directly,  Reference  200  in  the  biblio¬ 
graphy  in  my  paper  (J.G. Steele,  Influence  of  Electrical  Properties  of  the  Ground  on  the 
Backscatter  Coefficient  at  High  Frequencies,  Technical  Report  121,  Stanford  University, 
Calif,  Dec.  1965).  Related  material  is  given  in  Reference  225  in  the  bibliography 
(G.H.Hagn,  The  Direct  Backscatter  of  High-Frequency  Radio  Waves  from  Land,  Sea-Water,  and 
Ice  Surfaces.  Institute  of  Electrical  and  Electronic  Engineers,  Int.  Convention  Records, 
Vol.15,  1967,  pp.  150-159).  My  purpose  was  to  point  out  the  dearth  of  such  data,  and  the 
desirability  that  some  be  obtained. 

Dr  K.  Davies:  Can  ionospherically  propagated  backscattered  echoes  be  used  to  study  the 
ground  characteristics? 

Dr  E.C.Hayden:  Results  to  this  date  have  been  generally  negative.  In  fact,  one  of  the 
points  of  my  presentation  is  that,  so  far,  the  greatest  application  of  ground  scatter  has 
been  to  the  study  of  the  ionosphere,  rather  than  conversely,  e.  g.  to  the  study  of  Sporadic-E 
or  F-regi- >  traveling  irregularities  rather  than  the  scattering  target  itself.  In  examining 
the  ITS  (boulder,  Colo.)  range/azimuth  backscatter  recordings,  I  have  yet  to  see  any 
certainly  identifiable  evidence  of  terrain  features.  Certainly  the  opportunity  to  do  so 
exists,  because  within  view  are  such  divergent  terrain  types  as  the  central  Plain,  the 
Ozark  Hills,  the  Appalachian  Mountains,  the  Atlantic  Ocean,  the  Florida  peninsula,  and  the 
Gulf  of  Mexico.  At  best,  it  seems  to  me  that  discrimination  of  terrain  types,  let  alone 
individual  features,  is  likely  to  require  exploitation  of  some  of  the  techniques  mentioned 
in  the  last  part  of  the  paper,  namely  reduction  in  resolution  cell  size,  and  use  of  multi¬ 
parameter  recordings  or  displays,  perhaps,  for  example,  utilizing  spectral  as  well  as  ampli¬ 
tude  information.  Specifically,  it  was  my  intention  to  convey  the  impression  that  attempts 
at  measuring  backscatter  coefficient  using  ionospherically  propagated  signals  have  not  had 
marked  success,  and  that  a  need  exists  for  other  methods  to  be  developed  and  used.  One 
must  realize  that  if  one  did  succeed  in  rendering  distinct  some  terrain  feature,  say  a 
coastline,  that  it  would  be  distorted  by  the  ionospheric  focusing  -  just  that  same 
mechanism  that  produces  the  uneven  distribution  of  amplitude  -  and  that  the  nature  and 
degree  of  distortion  would  vary  with  time.  It  would  be  a  bit  like  putting  a  map  at  the 
bottom  of  a  pan  of  water,  then  viewing  it  through  the  water  as  the  surface  is  disturbed. 
Nonetheless,  the  capability  to  recognize  terrain  features  would  be  useful  for  purposes  of 
calibration,  as  well  as  other  obvious  applications. 
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Professor  E. D. R, Shearman:  Although  I  agree  that  little  success  has  rewarded  attempts  to 
recognize  terrain  features,  it  should  surely  be  possible  to  see,  with  sufficient  resolution, 
a  rocky  island  in  a  calm  sea.  Another  possibility  is  to  distinguish  sea  from  land  by  the 
characteristic  fading  of  sea  echo.  Unfortunately,  F-layer  propagated  echoes  fade  at  a 
similar  rate  and  make  identification  difficult,  but  I  have  observed  very  slow- fading, 
E8-propagated,  echoes  in  a  landward  direction  and,  on  rotating  the  aerial  to  look  at  sea 
echoes  propagated  by  the  same  Es  cloud,  I  have  seen  fast- fading  echoes. 

Professor  I.Ranzi:  I  would  like  to  stress  the  importance  of  the  presence  of  metallic 
objects  (power  lines,  rails,  etc.)  on  the  direct  HF  backscatter.  Using  some  experimental 
results  obtained  in  Italy  in  1960-1964,  we  calculated  that  a  highly  industralized  area  may 
present  an  average  HF  backscatter  coefficient  much  higher  than  the  one  presented  by  a 
similar  area,  not  covered  by  metallic  structures.  We  also  observed  that  the  coastal  sea 
is  a  stronger  backscatterer  than  the  open  sea  (with  the  same  roughness);  this  is  due  to 
the  system  of  stationary  sea  waves,  which  appears  near  the  coast. 

Professor  E.D.R. Shearman:  Further  valuable  results  on  backscattering  cross-sections  have 
been  given  recently  by  Steele  (Proceedings,  Institute  of  Electrical  and  Electronic 
Engineers,  Vol.55,  1967,  p.  1583.  He  has  described  the  measurement  of  the  backscattering 
cross-section  of  a  single  tree  for  downcoming  waves  by  a  most  ingenious  and  simple 
technique. 

Dr  D. Nielson;  From  experience  obtained  in  a  direct  groundscatter  measurement  at  30  KHz  from 
an  aircraft,  there  is  much  difficulty  in  drawing  significant  conclusions  regarding  the 
detailed  characteristics  of  land  or  sea.  At  the  longer  wavelengths  that  must  be  used  in 
ionospherically  propagated  backscatter,  both  the  dielectric  properties  and  the  land  or  sea 
contours  become  Important.  This  fact  plus  the  large  land  areas  involved  for  obtainable 
beamwidths,  and  the  time  variation  of  the  ionosphere,  argue  against  the  use  of  ionospher¬ 
ically  propagated  backscatter  for  detailed  terrain  return  analysis. 

Dr  A. W. Biggs;  The  use  of  microwave  radar  imagery  and  scatterometry  for  making  observations 
of  forested  areas  is  already  underway  at  the  University  of  Kansas.  Multifrequency  measure¬ 
ments  are  also  planned  to  yield  information  on  the  subsurface  dielectric  properties  of 
the  earth  and  their  associated  backscatter  cross-section. 

Dr  E.  C. Hayden:  It  is  my  suggestion  that  persons  interested  in  backscatter  coefficients  at 
HF  should  take  note  of  the  microwave  techniques  Dr.  Biggs  mentioned  to  see  whether  or  how 
some  of  them  might  be  “borrowed"  or  adapted.  I  doubt  that  the  microwave  results  are 
themselves  applicable  at  HF.  At  HF  the  depth  of  penetration  is  significant,  and 
inhomogeneities  of  conductivity  and  dielectric  constant  could  well  cause  non-specular 
transmission  of  energy  incident  on  even  a  flat  ground  surface.  It  is  for  the  smoother 
terrain  types  that  the  microwave  models  seem  least  successful  in  predicting  HF  behavior. 
Perhaps  also,  as  Dr.  Ranzi  suggested,  the  effect  of  man-made  structures  such  as  powerlines 
is  important. 

Dr  H. Kopka:  Groundscatter  observation  also  gives  information  about  the  state  of  the  iono¬ 
sphere.  For  instance:  we  often  see  on  p'-f  diagrams  the  splitting  of  the  backscatter 
traces  into  raagnetoionic  components.  Since  the  pattern  width  of  the  aerial  is  about  36°, 
the  ionosphere  must  be  very  uniform  in  azimuthal  variation  to  produce  distinct  magnetoionic 
traces  on  the  record. 


Discussion  on  Paper  2;  " Surface  Scattering  in  Ocean  Roughness  and  Sea  Ice  Studies," 
by  A.  W. Biggs. 

Dr  J.Ramasastry:  Dr  Biggs,  when  you  mentioned  "lower  frequencies”,  how  much  lower  is  the 
frequency?  Have  you  made  any  calculations  for  the  optimum  minimum  frequency  that  could 
be  used  which  will  still  give  accurate  information  about  the  scattering  surface? 
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Dr  Albert  V.  Biggs:  Lower  frequencies  extend  from  13.3  (Hz  to  400  KHz,  about  two  orders 
of  magnitude.  With  regard  to  your  second  question,  these  calculations  will  be  made  in  the 
form  of  empirical  analyses  based  on  experimental  measurements. 

Mr  S.  B. Levin:  At  what  frequencies  are  you  observing  the  sea  ice?  At  considerably  lower 
frequencies  (e.g.  <0.5  GHz)  you  will  penetrate  the  ice  and  observe  primarily  the  sea  water 
surface. 

Dr  A.  W.  Biggs:  Sea  ice  is  presently  being  observed  at  13.3  GHz.  At  lower  frequencies,  we 
hope  to  examine  the  dielectric  properties  of  the  ice  and  the  ice-sea  Interfaces.  This 
permits  a  qualitative  indication  of  ice  thickness  as  well  as  roughness. 

Dr  N.C.Gerson:  Sea  ice  over  the  Arctic  Ocean  has  a  general  average  thickness  of  about 
3-5  m.  Employing  the  proper  frequency  is  it  possible  to  obtain  reflections  from  both  the 
top  and  bottom  surfaces  of  the  sea  ice,  and  thus  “map”  the  sea  ice  over  extended  areas  of 
the  ocean? 

Dr  A.  W.  Biggs:  HF  techniques  don’t  work  because  of  the  large  wavelengths;  the  other  problems 
are  tied  in  with  high  absorption  in  the  ice-sea  water  transition  region.  The  lower  structure 
of  polar  ice  is  stalagmite  in  nature,  and  very  lossy  due  to  brine  deposits.  When  ice  thick¬ 
ness  exceeds  5  m,  it  is  too  thick  for  current  interest. 


Discussion  on  Paper  4:  "Some  Features  of  HF  Backscatter  Ionograms"  by  L.W. Barclay  (pre¬ 
sented  by  A. N. Peters) . 

Dr  E. C. Hayden:  In  connection  with  Mr  Barclay’s  paper  I  should  like  you  to  note  the  paper 
by  T. A.Croft,  The  Influence  of  Ionospheric  Irregularities  on  Sweep-Frequency  Backscatter, 
Journal  of  Atmospheric  and  Terrestrial  Physics,  Vol.30(5),  May  1968,  pp.  1051-1063.  He 
has  shown  synthesized  range- frequency  ionograms,  done  by  digital  ray-tracing  techniques 
which  exhibit  the  constant- range  feature.  The  ionosphere  model  involved  a  perturbation  of 
the  gravity-wave  type.  He  did  not  treat,  however,  the  question  of  motion. 

Professor  I.Ranzi:  I  was  surprised  to  hear  that  the  prevailing  direction  of  the  movement 
of  the  large-scale  traveling  disturbances  observed  by  Mr  Barclay  was  along  West-to-East  or 
reverse.  We,  in  Italy,  always  observe  a  well-defined  movement  from  the  North  magnetic  pole 
towards  the  equator. 

Dr  E.  N.  Bramley:  The  observations  of  Mr  Barclay  on  traveling  disturbances  are  consistent 
with  those  made  in  the  UK  by  direction-finding  techniques,  some  fifteen  years  ago.  These 
also  showed  a  tendency  for  movements  from  West  to  East  in  the  morning  and  from  East  to  West 
in  the  afternoon.  There  was  no  limitation  on  the  directions  which  could  be  observed  by 
this  technique. 


LA  REFLEXION  EN  ONDES  DECAMETRIQUES  PAR 
LA  SURFACE  TERRESTRE  EN  EMISSION  IMPULSIONNELLE  ET 
SON  ROLE  DANS  L’  INTERPRETATION  DES  SPECTRES  DE  FREQUENCE 
DES  ECHOS  OBTENUS  DANS  LES  SONDAGES  PAR  RETRODIFFUSION 


par 


-Claude  Goutelard 


Laboratolre  de  Physique  de  1'  Exosphfere 
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RESUME 

La  reflexion  des  ondes  ddcamdtriques  sur  la  surface  terrestre  est  marquee 
par  le  relief  dont  les  dimensions  sont  souvent  de  1’  ordre  de  grandeur  de  la 
longueur  d’onde. 

Les  sols  et  la  mer  peuvent  6tre  reprdsentds  par  des  modules  thdoriques. 
aldatoires  dans  les  premiers  cas,  avec  une  composante  pdriodique  reprdsentant 
la  houle,  dans  le  second. 

En  Emission  impulsionnelle,  trois  phdnomdnes  peuvent  apparaftre  simultand- 
ment:  diffusion,  diffraction  et  interference.  L'  dnergie  n'est  pas  transmise 
unlquement  dans  la  direction  de  reflexion  spdculaire.  Dans  le  cas  d’une 
reflexion  sur  la  mer,  une  grande  partie  de  1*  dnergie  est  transmise  dans  des 
directions  partlcull&res  dont  certaines  peuvent  donner  lieu  k  des  propaga¬ 
tions  hors  du  grand  cercle.  Dans  le  cas  d’  ane  rdflexion  sur  le  sol,  un 
phdnomdne  de  diffusion  entrafne,  en  gdndral,  un  affaibllssement  important  de 
la  transmission  de  1’  dnergie  dans  la  direction  de  rdflexion  spdculalre.  Ces 
rdsultats  thdoriques  peuvent  evpliquer  les  diffdrences  systdmatiques 
observdes  dans  les  propagations  lonosphdrlques  multibonds  ou  les  rdflexions 
successives  s’  ef fectuent  toutes  sur  le  sol  cu  la  mer. 

Dans  tous  les  cas,  une  petite  partie  de  1*  dnergie  est  diffusde  dans  les 
autres  directions.  Eb  partlculier,  au  volsinage  de  la  direction  d’  incidence, 
la  quasi-isotropie  du  rayonnement  diffusd  permet  d’  interprdter  la  formation 
des  dchos  obtenus  dans  les  sondages  par  rdtrodif fusion  par  1’  interfdrence 
de  plusleurs  trajectoires  diffdrentes  de  1’ dnergie. 

Une  mdthode  graphique  permet  d’  en  ddduire  les  composantes  spectrales  des 
informations  doppler  et  fading  &  partlr  des  profils  rdels  et  de  lier  simple- 
ment  leurs  variations  k  celles  des  param&tres  lonosphdrlques.  L’ analyse  de 
cas  concrets  montre  le  bon  accord  obtenu  entre  les  ddterminations  thdoriques 
des  spectres  et  les  relevds  expdrlmentaux. 
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LA  REFLEXION  EN  ONDES  DECAMETRIQUES  PAR 
LA  SURFACE  TERRESTRE  EN  EMISSION  IMPULSIONNELLE  ET 
SON  ROLE  DANS  L’  INTERPRETATION  DES  SPECTRES  DE  FREQUENCE 
DES  ECHOS  OBTENUS  DANS  LES  SONDAGES  PAR  RETRODIFFUSION 

Claude  Goutelard 


1.  ASPECT  PARTICULAR  DU  PROBLEME 

Une  onde  plane  est  r4fl^chle  dans  la  direction  de  reflexion  sp^culaire  par  une  surface 
plane  infinie.  Dans  les  sondages  impulsionnels  par  r^trodif fusion  cette  loi  est  modifies 
A  cause  des  deux  points  suivants: 

-  la  surface  terrestre  instantan&nent  illuminde  S  est  limit^e,  en  particuller  par  la 
dur4e  de  1* impulsion.  II  existe  done  un  ph4nomfene  de  pupille  donnant  un  champ  de 
diffraction. 

-  la  surface  illumin^e  peut  presenter  des  asperites  p^riodiques,  telle  la  houle,  qul 
produisent  des  ph&iom&nes  d'  interference,  ou  ^parties  au  hasard  et  qul  produlsent 
une  diffusion. 

Les  reflexions  pouvant  se  produire  sur  la  mer  ou  sur  la  terre,  on  a  ete  conduit  A 
rechercher  deux  types  de  modeies  theoriques  pour  les  representer. 


2.  CHOIX  DES  MODELES 

Si  on  definit  le  plan  horizontal  par  les  axes  de  coordonnee  Ox ,  Oy  ,  il  est  possible 
de  representer  localement  le  sol  ou  la  mer  par  la  superposition  de  deux  surfaces, 

T(xy)  =  rl  (xy)  +  r2(xy)  , 

oil  r^xy)  represente  les  ondulations  lentes  auxquelles  se  superposent  des  ondulations 
plus  rapides  r2(x y)  . 

2. 1  Cas  des  Sols 

Dans  le  cas  des  sols,  ^(xy)  represente  les  accidents  &  grande  dchelle  constitues 
par  le  relief  et  r2(xy)  les  asperites  telles  que  la  vegetation  ou  les  constructions. 
Ces  surfaces  peuvent  @tre  representees  par  des  modules  aieatoires  definis: 

-  soit  par  des  asperites,  de  forme  particuliere,  reparties  au  hasard1,2 

-  soit,  d’  une  manure  plus  generale,  par  des  asperites  de  forme  indeterminee  mais 
pour  lesquelles  on  admet  une  distribution  normale  definie  par  1’  ecart  type  a  et 
une  distance  de  correlation  T  (Ref. 3). 

Cette  derniAre  definition  a  ete  adoptee  pour  cette  etude.  Ainsi,  pour  representer 
le  relief  on  est  conduit  A  choisir  T  et  tr  grands,  tandis  que  pour  representer  la 
vegetation  T  et  cr  sont  plus  petits: 
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Des  Etudes  de  coupe  de  terrains  ont  permis  de  determiner: 


-  pour  la  region  parisienne  (plaine) 

O'  = 

30  m 

T  =  6  km 

-  pour  la  region  de  Valensole  (plateaux  montagneux) 

O'  = 

50  m 

T  =  1500  m 

D*  autre  part,  on  a  pu  estlmer: 

-  pour  une  vegetation  pauvre: 

a  = 

1,5  m 

T  =  7,5  m 

-  pour  une  forSt  dense  ou  une  agglomeration 

a  = 

5  m 

T  =  30  a. 

2.2  Cas  de  la  Mer 

Dans  le  cas  de  la  mer,  si  on  accepte  de  reprdsenter  la  houle  par  une  sinusolde, 


Aj  e t  Ay  dtant  lies  k  la  longueur  d’  onde  de  la  houle  A  par  la  relation 


1  1  1 

A*  =  A5  +  A1  ‘ 

x  y 


(2) 


Son  lncllnalson  peut  fitre  repdree  par  1*  angle  i//  forme  par  la  normale  k  la  cr6te  des 
vagues  et  1’  axe  Ox  ,  tel  que 

tg «/»  =  Ax/Ay.  (3) 


La  longueur  d’  onde  A  est  comprise  entre  75  et  150  m  (Ref .  4)  et  2h,  qul  represente  le 
creux  de  la  houle,  n'  excfede  pas  10  m. 


r2(xy)  reprdsente  1’  agitation  qui  s’y  superpose  et  que  1’  on  peut  definir  par  une  surface 
aieatoire  pour  laquelle 


T  =  7. 5  m  et 
T  =  7,5  m  et 


cr  -  0,07  m 

pour 

cr  -  0, 5  m 

pcur 

une  faible  agitation 
une  forte  agitation . 


3.  DI AGRAMMES  DE  RAYONNEMENT 

Lea  modules  choisis  sont  definis  par  la  superposition  de  deux  surfaces  dont  les  distances 
de  correlation  des  asperites  sont  tr£s  differentes. 

II  peut  6tre  montre  alors  que  celle  dont  la  distance  de  correlation  est  la  plus  grande 
est  responsable  du  rayonnement  au  voisinage  de  la  direction  de  reflexion  speculaire  tandis 
que  celle  dont  la  distance  de  correlation  est  la  plus  faible  a  une  action  predominante 
dans  les  autres  directions5. 

Cette  propriete  k  ete  appliquee  aux  modules  representant  la  mer  et  la  terre. 


3.1  Ndthode  de  Calcul  (Pig. 1) 

Soit  une  onde  plane  definie  par  le  vecteur  d’  onde  k.  contenue  dans  le  plan  xOz  et 
diffractee  par  une  aire  S  du  sol  dans  une  direction  definie  par  le  vecteur  d'onde  k2  . 
Le  champ  E2  re$u  en  un  point  P  situ^  en  dehors  des  zones  de  Fraunhofer  est3 


E 


2 


Ej  exp  (Jkr0) 

47rr0 


(Rv-p)n  exp  (v  •  r)  ds  , 


(4) 
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avec  E1 
r 
R 


et 


k 


amplitude  du  champ  incident 

rayon  vecteu*  joignant  1’  origine  i  un  point  de  la  surface  z  =  r(xy) 

coefficient  qui  depend  de  la  nature  du  sol  et  de  sa  forme,  de  la 
polarisation  de  l'onde  et  de  son  angle  d’  incidence. 

OP,  v  =  kj-kj,  p  =  kj+kj,  k  =  IkJ  =  |k2l  r  2 rr/k 

longueur  d’  onde  de  1*  onde  ^lectromagndtlque, 


v  ayant  pour  composantet 

vx  =  k  (sin  dx~ sin  &2  cos  &3) 
vy  =  -  k  sin  &2  sin  &3 
vz  =  -  k  (cos  61  +  cos  #2) 


(5) 


La  surface  illumin^e  S  a  dtd  supposde  limit^e  a  -X<x<X  et  -Y<y<Y. 


3.  2  Cas  de  la  Mer 

Eli  ondes  d4cam^triques,  la  mer  peut  §tre  assimil^e  4  un  conducteur  parfalt  puisqu’  k 
20  MHz  IR!  =  0,98  en  incidence  verticale  et  1’ angle  pseudo-Brewst^rie  est  50'  (R^f.l). 
Dans  une  direction  donn^e,  le  rayonnement  est  produit  par  la  reflexion  du  champ  Incident 
sur  des  surfaces  £l&nentaires  parall^les.  La  direction  du  plan  de  polarisation  de  l'onde 
varie  mais  1’  amplitude  du  champ  n’  est  pas  altdrde.  On  peut  done,  si  1’  on  ne  s’  lnt^resse 
qu*  &  la  valeur  scalaire  du  champ,  poser  dans  (4),  R  =  1  . 


3.2.1  Action  de  la  Houle 

Si  on  pose  X  =  mAx  ,  Y  =  NAy  ,  M  et  N  entiers,  1’ expression  (4)  se  simpllfie  et 
le  rapport 


dans  lequel  E20  est  le  champ  rayonnd  dans  la  direction  de  reflexion  sp£culaire  par  la 
surface  S  suposde  plane  et  infiniment  conductrice,  s’  exprime  par 


K  X  y 

P  =  -  f  f  exp  (jv  •  r)  dxdy  ,  (7) 

s  »-x 


avec 


1  +  cos  &l  cos  62  -  sin  6X  sin  &2  cos  63 
cos  6X  (cos  8  +  cos  &2) 

S  =  4XY  . 


(8) 


Compte  tenu  de  la  double  pdriodicit^,  par  rapport  &  Ax  et  Ay  il  vient,  aprfcs  un 
arrangement , 


K  M=u-1  v=N- 1 

p  =  -  H  — 

S  /i=-M  y  =  -N 


exp  (j27TpM)  exp  (j27?qi^)  f  *  f  y  exp  (jv  .  r)  dxdy  ,  (9) 

J  o  <1  o 


avec 

2rrp  =  vxAx  =  kAx  (sin  6X  -  sin  &2  cos  &3)  (10a) 

2 7rq  =  VyAy  =  -  kyAy  sin  02  sin  6>3  .  (10b) 
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Bnfin,  en  effectuant  les  sommations, 


P  =  S 


p+i, 


sin  2Nq77  jin  2Mp77  sin  (p  -  q)7T 
2Nsinq7T  2M  sin  pn  77(p-q) 


sin  pw  *oo 

J.n(-hv_)  + -  exp(pt +hv_  sht)  dt 

P  Z  77  *0  2 


(ID 


J^_p)(-hv2)  est  une  fonction  de  Bessel  de  premiere  esp4ce  d’ordre  -p  . 


Cette  relation  met  en  Evidence  1’  existence  de  trols  ph&ioofenes  diff4rents:  interference, 
diffraction  et  diffusion. 


Phinomhne  d' interference  constructive 

II  apparaft  que  p  est  inversement  proportionnel  4  S  ,  done  tr4s  petit,  sauf  lorsque 
p  =  q  =  ■  (n  entier),  cas  pour  lesquels  se  produit  un  ph4nom4ne  d’  interferences  construc- 
tives  dans  les  directions  particuli&res  6 et  6 3ffl  definies  par  l’egalite  des  relations 
(10a)  et  (10b)  et  oil  le  module  du  coefficient  p  s’ exprime  simplement 

|p|  =  Kl  J_B(-  hvz)  I  .  (12) 


Position  des  lobes  (Fig. 2) 

Les  directions  de  rayonnement  sont  des  aretes  d’  un  efine  de  sommet  0  .  Elies  peuvent 
etre  representees  commodement  au  moyen  de  vecteurs  unites  issus  de  0  dont  les  projections 
des  extremltes  sont  sur  une  droite  A  d'  equation 

x  sin  0  -  y  cos  0  -  &lndxaln\p  (13) 

et  separees  par  des  longueurs  egales  4  \/ A  k  partlr  du  point  A  correspondent  k  la 
reflexion  speculalre.  Lorsque  les  erfites  de  la  houle  sont  normales  au  plan  d’  Incidence 
(0=0)  ,  tous  les  lobes  sont  contenus  dans  ce  plan.  On  retrouve  alors  les  resultats 
donn4s  par  Brekhovskikh7.  Pour  les  autres  directions  de  la  houle,  seul  le  lobe  corres¬ 
pondent  au  mode  m  =  0  dont  la  direction  est  celle  de  la  reflexion  speculalre,  demeure 
dans  le  plan  d’  incidence. 

Application  aux  cas  usuels  en  ritrodif fusion 

Pour  un  angle  0  d4f ini ;  \p\  ,  donn4  par  (12),  ne  depend  que  des  trois  paramHres; 

m  ;  H  =  kh  ;  L  =  \/A  . 

Eta  retrodiffuslon,  K  est  compris  entre  10  et  30  m. 

La  Figure  3  montre  1*  influence  de  0  pour  6X  -  4F°  . 

'  figure  4  ontre  1’  influence  du  creux  de  la  houle  pour  &x  =  60°  et  0  =  60°  .  Pour 

les  conmodites  de  la  representation  on  a  porte  les  enveloppes  des  amplitudes  des  lobes  et 
trace  la  droite  A  ,  le  cercle  ext4rieur  figurant  le  cercle  de  rayon  1.  Par  exemple,  4 

20  MHz.  les  valeurs  H=.0, 1;  0,2;  0,5;  1;  2,  correspondent  4  des  creux  de  la  houle 

4gaux  respect ivement  4  2h  =  0,5m,  lm,  2,4m,  4,8m,  9,6m. 


Interpretation 

La  structure  periodique  de  la  houle  lntroduit  une  compression  spatiale  dans  la  trans¬ 
mission  de  1*  4nergie  et  son  orientation  lntroduit  les  propagations  en  dehors  du  plan 
d'  incidence. 

Pour  des  mers  agltees,  les  lobes  lat4raux  contigiis  4  la  direction  de  reflexion  speculalre 
peuvent  devenir  predominants. 
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Engin,  les  lobes  pour  lesquels  &2  <  8X  ,  correspondent,  en  g6n6ral,  k  une  perte 
d’  &iergie  puisqu’ ils  sont  susceptibles  de  traverser  les  couches. 


3.  2.2  Diffraction  dans  le  Plan  d'Incidence 

II  est  important  pour  les  Etudes  de  rdtrodiffusion  de  connaftre  le  rayonnement  dans  le 
plan  d’Incidence.  L’ expression  de  p  est  obtenue  dans  ce  cas  en  portant,  dans  (11), 


=  0  ou  v  . 

On  obtient  la  figure  de  diffraction  d’  une  pupille  marquee  par  la  structure  p^rlodique 
de  la  houle.  II  est  significatif  de  determiner  la  valeur  moyenne  de  |p|2  qui  est 
proport ionnelle  k  la  puissance: 


K2 

8tt2M2p2 


sinp77 

J.n(-hv  )  +  -  [  exp  (pt  +  hv  sht)dt 

p  z  n  Jo  z 


(14) 


La  Figure  5  repr^sente  les  r^sultats  obtenus  pour  un  angle  d’  incidence  =  60°  et 
\p  =  60°  ,  dans  le  cas  d’  une  dur^e  d’  impulsion  r  =  700ps  et  pour  une  largeur  azinmtale 
du  lobe  d’  antenne  oja  =  8°  .  Cet  exemple  correspond  &  une  propagation  ionosph^rique 
typique  caract^ris^e  par  la  portde  D  =  1200  km  et  une  hauteur  virtuelle  de  reflexion  de 
300km.  On  remarque  dans  ces  conditions  |p|2  dans  la  direction  d’Incidence  est  de 
1’  ordre  de  -120  dB. 


3.2.3  Influence  de  l 'Agitation 

Le  probl&me  de  la  diffusion  des  ondes  eiectromagnetiques  par  une  surface  aieatolre 
ddfinie  par  a  et  T  a  ete  traitee  par  P.  Beckmann3. 


Pour  une  surface  parfaitement  conductrice,  la  valeur  moyenne  de  |p|2  est 


IpP  =  exp(-g) 


P\  + 


77T2K2  00 


y’  jL 

■  *  m  fm 


s  n! 


exp 


f-y2  T2 
xy 

i  4m 


(15) 


avec 


g  =  (cvz)2  =  —  (cos  +  cos  6Z)2 


(16) 


sin  XvT  sin  Yvv 

p  -  _ _  _ i 

0  Xv_  Yv„ 


v2  =  (v2  +  V2)  . 

xy  '  x  y' 


(17) 

(18) 


Sur  la  Figure  5,  on  a  porte  les  valeurs  de  10  log  |p|2  donnees  pour  les  deux  cas 
suivants:  cr/k  =  0,333  et  cx/k  =  0,010  avec  TA  =  0,5,  ce  qui  correspond  &  20  MHz  & 
a-  0,5  m  et  0,07  m  avec  T  =  7, 5m. 

Dans  les  directions  voisines  de  1’  incidence  la  diffusion  donne  un  coefficient  |p| 2 
voisin  de  -100  dB  dans  les  deux  cas,  alors  que  le  ph&iom&ne  de  diffraction  n’ est  que  -120  dB. 


L’  agitation  superpos^e  par alt  done  6tre  4  l’origine  du  ph&iom&ne  de  formation  des  dchos 
observes  par  retrod if fusion.  II  est  int^ressant  de  remarquer  qu’  an  voisinage  de  la  direc¬ 
tion  d’  incidence,  la  diagramme  de  rayonnement  est  quasi  isotrope. 
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3.3  Cm  des  Sols 

Les  surfaces  r^xy)  et  r2(xy)  sont  reprdsent^es  par  des  modules  aldatolres  dont  les 
valeurs  types  de  a  et  T  ont  pu  Stre  d^finies. 

La  valeur  de  |p| 2  est  donn^e  par  (15)  et  la  Figure  6  montre  les  diagrammes  de  diffusion 
obtenus  &  partir  des  modules  donnas  en  exemple,  les  conditions  de  propagation  4tant  celles 
ddfinies  pour  la  Figure  5. 

II  apparaft  que  1’ ^nergie  transmise  dans  la  direction  d’  incidence  est  comparable  4  celle 
obtenue  dans  le  cas  de  la  mer.  Par  contre,  1’  dnergle  transmise  dans  la  direction  de 
reflexion  spdculaire  est  plus  falble  et  la  perte  d’  4nergie  due  &  la  travers^e  des  couches 
apr&s  reflexion  est  d’  autant  plus  grande  que  le  sol  est  plus  rugueux.  Ces  rdsultats 
ytablis  pour  un  sol  parfaitement  conducteur  doivent  6tre  corrig^s  pour  tenir  compte  de  la 
conductivity  r^elle.  Cette  correction  se  tradult  par  un  affalblissement  suppiymentaire 
qui  peut  6tre  accru  par  une  inclinaison  Doyenne  du  sol  pouvant  4galement  donner  des 
propagations  hors  du  grand  cercle. 

La  Figure  7  repr^sente  deux  exemples  de  propagations  typiques  obtenus  de  nuit  dans  des 
conditions  ionosphyriques  similalres  &  la  station  de  Valensole  (France).  Dans  la  direction 
Ouest,  les  ryflexions  successlves  se  font  sur  la  mer  et  dans  la  direction  Est  sur  la  terre. 

Dans  le  premier  cas  les  ychos  obsess,  nombreux  et  ryguliers,  montrent  une  falble  perte 
de  transmission.  Dans  le  second  cas,  oft  les  ryflexions  se  font  sur  un  sol  montagneux, 
la  dycrolssance  des  ychos  successlfs  est  tr£s  raplde. 


4.  CALCUL  DU  CHAMP  RECU 


La  puissance  reque  par  rytrodlffusion  peut  6tre  4valuye  k  partir  de  1’ yquation  du  radar. 


On  appellera 


P:  la  puissance  erfite  de  1'  ymetteur 
Qe  le  gain  d'  antenne  dans  la  direction  d’  ymission 

Gr :  le  gain  d’  antenne  dans  la  direction  de  ryception 

S^:  la  surface  yquivalente  de  1’ antenne  de  ryception,  Gr  =  4ttS^/K2 

coA:  la  largeur  azimutale  du  lobe  d’ antenne  d’  ymission 

r:  la  durye  de  1* impulsion  d'  ymission. 


En  rytrodlffusion,  les  rayons  qui  contribuent  au  champ  requ  Er  sont  ceux  dont  la 
diffyrence  de  temps  de  propagation  n’  excfcde  pas  t  ,  Le  rayon  correspondant  au  temps  de 
propagation  le  plus  court  a  une  portye  D:  et  celui  dont  le  temps  de  propagation  est  le 
plus  grand  a  une  portye  D2  .  L'alre  S  a  done  pour  dimensions 


X  = 


(19) 


avec 


(20) 


Cette  surface  est  vue  de  1’ ymetteur  sous  un  angle  solide  dfij  dyiimity  par  les  rayons 
extremes  et  dans  lequel  la  puissance  ymise  dP}  est 
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PGa  ~ 
dP.  =  — £  df). 

47 T  1 


1 


A  partir  de  la  relation  (6)  en  rempla$ant  E  par  sa  valeur,  11  vient 


|e2|- 


S2  cos2  6 


(21) 


(22) 


La  puissance  dP2  transmise  dans  un  angle  solide  dO 2  est  li4e  &  la  puissance  Incidents 
dP,  par  la  relation 


dP 


2 


WQv6t) 


Scos2  d2 

~ir~ 


r dIA 


(23) 


On  peut  d^finir  une  surface  radar  ^quivalente 


cr(eve2) 


*n\p?{evet) 


Scos2&2 
A.2  cos  Aj 


(24) 


La  puissance  dP2  est  r^partie,  aprAs  refraction  ionospherique,  sur  une  surface  S2  du 
sol,  que  les  rayons  attelgnent  avec  un  angle  d’ incidence  . 


La  puissance  dPr  Intercept^  par  les  antennes  de  reception  vaut  alors 


dPr  =  dP. 


S'  G  A2 

r  -  dp  r  . 

2  S2  cos  8 4  2  47tS2  cos  6>4 


En  groupant  (21)  A  (25),  et  en  exprimant  les  angles  solides  dfij  et  dfi2 

P  G0coa  sin  6l  Ad  \p\2  cos2  &2  Gr  sin  &2 


dP  = 
r 


(477) 2 R  sin 


(¥) 


dD/d  8X 


cos  8l  cos  0„(dD/d02) 


(25) 


11  vient 


(26) 


Cette  relation  qui  a  ete  etablie  en  negligeant  les  absorptions  et  pertes  dues  aux 
reflexions  sur  le  sol  dans  le  cas  de  propagations  multibonds,  peut  6tre  corrigee  par 
1’ utilisation  de  relations  classlques9  ’ l0.  Le  calcul  du  champ  re9u  s'  effectue  ^implement 
&  partir  des  courbes  et  0^(1  =  v/2-6 1)  . 

Pour  un  temps  de  propagation  t  ,  et  une  duree  d’  impulsion  r  donnes  on  peut  trouver 
par  une  construction  evldente,  DBoy  ,  Ad  ,  8l ,  &2 , 8U ,  dD/d 8i  et  dD/d82 .  La  surface 
S  ,  le  coefficient  |p| 2  et  enfin  dPr  s’en  deduisent. 

La  Figure  8  montre  un  exemple  tralte  &  partir  d’un  sondage  par  retrodiffusion  A 
plusleurs  frequences.  Une  mAthode  graphique8’9  a  permis  d’en  dedulre  les  courbes 
et  •  Le  calcul  a  ete  applique  au  rayon  bas  en  supposant  1’  ionosphere  horlzontale- 

ment  strati fiAe  (8  =  6 2  -  8J  et  en  prenant  pour  \p^  la  valeur  standard  -100  dB. 

Cette  determination  graphlque  donne  un  champ  maximum  de  70/zV  trfes  volsin  de  celui  releve 
experlmentalement.  Le  bon  accord  entre  les  valeurs  paralt  justifier  les  hypotheses  de 
depart.  En  fait,  le  calcul  complet  du  champ  est  compllque  comme  nous  allons  le  voir,  par 
le  mecanisme  de  formation  des  echos  du  A  la  quasi  isotrople  du  diagramme  de  rayonnement 
au  voislnage  de  la  direction  d’  incidence. 


5.  FREQUENCE  DOPPLER  ET  FADING 
5. 1  Role  du  Sol 

Pour  la  clarte  de  1’ expose,  on  negllgera  tout  d’abord  1’ Influence  du  champ  magnAtique. 
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Si  1’ ensemble  dmetteur-rdcepteur  de  la  station  de  sondage  par  rdtrodiffusion  est  situd 
en  A,  un  point  B  au  sol  peut  6tre  atteint,  dans  le  cas  gdndral,  par  un  rayon  bas  et  par 
un  rayon  haut,  pour  lesquels  les  temps  de  parcours  sont  respect ivement  tB  et  tH  .  La 
trajectoire  de  retour  B-A  peut  se  faire  dgalement  par  ces  deux  chemlns.  La  quasi -isotropie 
du  diagramme  de  diffusion  au  voisinage  de  la  direction  d’ incidence  permet  done  d’  imaginer 
les  quatre  trajectoires  possibles  pour  les  rayons  issus  de  A  et  y  revenant  aprds  avoir 
atteint  B: 


Trajet  A-B 

Trajet  B-A 

Temps  Propagation 

1  Rayon  bas 

Rayon  bas 

2tB 

2  Rayon  bas 

Rayon  haut 

tB  +  tH 

3  Rayon  haut 

Rayon  bas 

tH  +  tB 

4  Rayon  haut 

Rayon  haut 

2tH 

On  appellera 

-  Type  bas  Trajet  1 

-  Type  haut  Trajet  4 

-  Type  mixte  Trajet  2  et  3. 

Le  type  mixte  (2  +  3)  correspond  a  deux  modes  de  transfert  de  1’ dnergie.  En  fait,  les 
dchos  de  rdtrodiffusion  sont  formds  par  1' ensemble  des  rayons  ayant  le  m€me  temps  de  transit. 
Dans  le  cas  gdndral,  les  trois  types  interviennent,  les  rayons  correspondents  atteignent  des 
distances  diffdrentes  (Pig. 9). 

Le  champ  magndtlque  et  la  depolarisation  introduite  par  le  sol  compliquent  encore  le 
phdnomdne  d’ interference  et  1’ on  peut  ddnombrer  16  types  de  trajectoires  possibles  (Fig. 10), 
dont  les  contributions  dans  la  formation  de  1'  dcho  sont  heureusement  trds  diffdrentes.  Tout 
d' abord,  si  le  sol  est  assez  conducteur  on  peut  admettre  que  1’ effet  de  depolarisation  est 
faible,  ce  qui  supprime  les  croisements  de  modes  et  une  etude  des  amplitudes  relatives  permet, 
coome  11  va  §tre  vu,  de  ne  retenir  flnalement  que  deux  modes  principaux. 

9.2  Importance  Relative  des  Rayons  Interfdrents 

La  puissance  interceptde  par  les  antennes  de  reception  dans  le  cas  general  est  donnee 
par  (26).  Si  on  s’ intdresse  au  cas  d’une  Ionosphere  stratifide  horizontalement,  =  6 4 
et,  en  admettant  pour  simplifier  que  Ge  =  Gr  =  G  , 

PG2cd.  S|/0| 2  tg&  sin  2 6  ddd6 

dPr  =  -  *  — - - - 2  — 1 — l  .  (27) 

r  2jtR  sin  (Dnoy/R)  dD 

La  puissance  transportde  par  cheque  type  de  propagation  peut  dtre  determinde  par  la 
mdthode  exposde  au  paragraphe  prdeddent.  La  Figure  11  schdmatise  la  construction  opdrde 
pour  chacun  des  trois  et  1’  application  A  un  cas  classique.  En  prenant  pour  \p\ 2  la 
valeur  standard  -100  dB,  on  obtient,  pour  un  temps  de  propagation  de  15ms, 

-  pour  le  type  bas  Prl  =  313  x  10"J2W 

-  pour  le  type  mixte  Pr2  =  124  x  10‘12W 

-  pour  le  type  haut  Pr3  =  12  x  10'12W  . 

Le  type  haut  peut,  comme  il  Test  souvent  admis,  Itre  ndgligd,  mais  il  apparaft  claire- 
ment  sur  cet  exemple  qu’  il  convient  de  retenir  les  types  bas  et  mixte. 
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5.3  Determination  des  Frequences  Doppler  et  Fading 

Le  "chemin  de  phase"  P  et  le  "chemin  de  groupe"  P'  sont  li^s  par  la  relation  classlque 

,  d 

P'  =  —  (cuP)  (28) 

dco 

dans  le  cas  ou  les  chocs  sont  negliges  et  en  1’  absence  de  champ  magnetique. 

On  peut  montrer  que  cette  relation  est  utilisable  avec  une  trfcs  bonne  approximation9, 
dans  les  cas  usuels  de  propagation  en  retrodiffusion,  en  l’appliquant  le  long  des 
trajectoires  rQ  et  fx  des  modes  ordinaires  et  extraordinaires. 

En  posant  tp  =  P/c  et  t  -  P'/c  ,  que  nous  appellerons  respectivement  temps  de  phase 
et  temps  de  groupe,  la  relation  (28)  devient 

d  (ftp)  =  tdf  .  (29) 

Enfin,  1’  angle  V  entre  le  rayon  et  la  normale  au  plan  d’ 4gale  phase  dtant  toujours 
tr&s  petit,  on  peut  dcrire  au  second  ordre  pr6s9,  en  appelant  /j.  1’  incidice  de  phase: 


Pour  le  mode  ordinaire: 


.  =  J 

0  *ti 


fi.ds  . 


Pour  le  mode  extraordinaire: 


=  L  ^xds  ■ 

1  X 


Pour  un  type  de  propagation  donn^,  le  champ  requ  par  des  aliens  k  polarisation  rectiligne 
vaut 

Er  =  eQexp  (J0O)  +  ex  exp  (j0x)  (32) 


0O  =  «^t  j  so  rapportant  au  mode  ordinaire 

(  p*\ 

0X  =  wit  — -  j  se  rapportant  au  mode  extraordinaire  . 

La  relation  (32),  qui  peut  aussi  s’  £crire 

Er  =  8oexp(j0o) 


=  eo  +  e,  exp  Oft) 


n  =  7(p,-p.) 


montre  qu’ il  existe  deux  composantes  spectrales 


%  - 


to - - 

c  dt 


d 0  co  dPT 

to  =  — 5  =  co - — 5  ; 

x  dt  c  dt 


(37) 


Vffij 


1*  4c  art 


Aoi  =  coQ  -  u>x 


traduiaant  1’  ef fet  Faraday  demeure  dans  la  gamme  des  frequences  utilisdes  infdrieur  & 

0,06  (coQ  -  co)  . 

SI  on  considers  les  deux  types  prlncipaux  de  propagation,  auxquels  on  affectera  les 
Indices  1  et  2,  le  champ  total  est 

Er  =  e01  exp  (j'/'01)  +  exl  exp  (j0xl)  +  e02exp(J^02)  +  ex2exp(J0x2)  .  (39) 

Le  spectre  du  signal  requ  est  done  const! tud  par  quatre  rales  spectral es  formant  deux 
doublets  (Fig. 12)  qul  permettent  d’  interpreter  simplement  les  spectres  Doppler  et  fading. 

5.3.1  Spectre  Doppler 

L’  effet  Doppler  fait  apparattre  quatre  rales  spectrales  principales 

co. ,  =  co„ ,  -  co  ;  co' ,  =  co_ ,  -  co  •  co.„  =  conn  -  co;  cot  =  co_n  -  co  , 

di  oi  *  di  xi  ‘  d  2  02  ’  d2  X2 

formant  deux  doublets.  II  est  commode  de  les  ddfinlr  par  les  deux  pulsations  cudl  et  wd2 
(Fig.  12),  qul  s’ expriment  facilement,  &  partir  de  (36), 

co  dPn. 


"  ^0, 

c  dt 


et  auxquelles,  compte  tenu  de  (29)  &  (31),  on  peut  falre  corresponds  les  frequences  fdl 


et  fd2  . 


..  ■  i  (c 


t  df  j  4  D,  constant 


fd2  =  —  t  dfy  4  D2  constant  ,  (43 

Dj  et  D2  dtant  respectivement  les  portdes  des  trajets  bas  et  mixtes  correspondent  au 
mime  temps  de  propagation  t  . 

fdi  et  fd2  peuvent  6tre  calculdes  graphiquement  4  partir  des  courbes  t^  k  Dt 
et  D2  =  constante  (Fig. 15),  puisqu’ on  verra  sans  peine  que 


f-‘  =  2  dl  ^ 


=  -  (28, -S')  . 


5.3.2  Spectre  Fading 


Le  champ  Er  peut,  compte  tenu  de  (33)  &  (35),  s’ dcrire 


Er  =  e,.«  (j  + 


et  la  tension  ddtectee  est 


SI  1’  effet  Faraday  n’ etait  pas  sensible,  la  pulsation  fading  serait 

~  <«> 

a  laquelle,  par  un  raisonnenent  identique  k  celui  du  paragraphe  precedent,  on  peut  falre 
correspondre  la  frequence  de  fading 

d 

ff  =  -  [2(Sl-S2>  +  S']  .  (49) 

L’  effet  Faraday  se  traduit  en  fait  par  une  plurality  des  rales  spectrales  due  k  la  presence 
des  doublets. 

5.3.3  Conclusion 

V effet  Faraday  qui  est  k  l’origlne  du  d^doublement  des  rales  spectrales,  est  difficile 
k  mettre  en  Evidence  expdrlmentalement  k  cause  de  la  trop  faible  resolution  des  analyseurs 
de  spectres  usuels  et  de  1’ eiargissement  des  rales  cause  par  la  duree  de  1’  impulsion 
d’  emission. 

Un  exemple  particulikrement  caracteristique  est  represente  sur  la  Figure  13.  Sur  la 
piste  "Doppler”  on  observe  les  frequences  doppler  qui  sont  de  1’ ordre  de  0, 3  Hz  et  un 
battement  -  qu’  on  peut  attribuer  k  1’  effet  Faraday  -  dont  la  frequence  est  de  1’  ordre  de 
0,008  Hz.  Sur  la  "piste  amplitude"  la  frequence  de  fading,  de  r  ordre  de  grandeur  de  la 
frequence  Doppler,  est  decelable. 

Un  second  exemple  a  ete  reproduit  sur  les  figures  suivantes  k  partir  d’ un  enregistrement 
effectue  le  8.11.1966  entre  20  h  11  et  21  h  00  TU  k  la  station  de  Valensole.  Durant  cette 
periode,  le  coucher  du  soleil  entralne  une  variation  rapide  des  paramktres  des  couches,  qui 
apparaissent  sur  la  Figure  14  ok  les  resultats  donnent  les  frequences  Doppler  et  fading 
(ordonnee)  en  fonctlon  du  temps  de  propagation  (abscisse). 

La  Figure  16,  ou  1’ on  a  reporte  les  resultats  experimentaux  pour  les  confronter  avec  les 
resultats  theoriques,  montre  un  bon  accord  entre  eux. 
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HF  GROUND  BACKSCATTER  ANALYSIS  WITH  THE 
AID  OF  COMPUTER  RAY  TRACING 

by 

R.  G.  Maliphant 


Government  Communications  Headquarters 
Cheltenham,  England 


SUMMARY 


A  computer  program  is  described  which  fits  any  electron  density 
distribution  with  the  minimum  number  of  line  segments  required  to  meet  a 
specified  tolerance  while  preserving  continuity  of  slope  throughout  the 
height  range  of  the  profile.  The  equation  for  the  line  segments  is  such 
that  analytic  expressions  may  be  obtained  for  the  various  propagation 
parameters  required  in  a  ray-tracing  program.  The  high  speed  with  which 
ray  paths  may  be  calculated  by  the  use  of  this  technique  permits  stepped- 
frequency  backscatter  records  to  be  synthesised  and  plotted  directly  on  the 
computer  output  form.  A  description  is  given  of  some  of  these  plots  and 
the  general  features  are  discussed.  The  possibility  of  reversing  the 
process  is  then  considered  and  the  final  section  is  devoted  to  a  discussion 
of  the  problems  involved  in  translating  experimental  backscatter  records 
into  synthetic  oblique  incidence  ionograms  for  particular  paths. 
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HF  GROUND  BACKSCATTER  ANALYSIS  WITH  THE 
AID  OF  COMPUTER  RAY  TRACING 

R.  G.Mallphant 


1.  INTRODUCTION 

In  principle,  backscatter  sounding  provides  a  convenient  method  of  calibrating  the 
ionosphere  over  regions  where  vertical  incidence  measurements  are  impracticable.  However, 
the  technique  has  been  difficult  to  implement  satisfactorily  for  a  number  of  reasons. 

With  the  transmitter  and  receiver  co-located,  backscattered  echoes  may  be  received  from 
many  different  areas  of  the  earth’s  surface.  The  strength  of  these  signals  varies  con¬ 
siderably,  according  to  the  degree  of  focusing  or  defocusing  by  the  ionosphere,  radio 
wave  absorption,  and  the  topography  of  the  ground  in  the  scattering  region.  The  polar 
diagrams  of  the  transmitting  and  receiving  aerials  largely  determine  the  azimuthal  coverage 
of  the  backscatter  and  also  modify  the  variation  of  field  Intensity  with  angle  of  elevation. 
Traditionally,  backscatter  records  have  taken  the  same  form  as  vertical  and  oblique  inci¬ 
dence  lonograms,  that  is  a  plot  of  propagation  time  versus  frequency.  However,  whereas 
ionograms  for  fixed  ground  ranges  display  clearly  delineated  traces,  the  variable  ranges 
from  which  backscatter  echoes  are  received  result  in  a  continuum  of  energy  with  a  much 
larger  spread  of  propagation  times  recorded  for  any  given  frequency.  The  information 
taken  from  such  recordings  has  usually  been  limited  to  the  minimum  propagation  times,  and 
these  measurements  have  been  used  to  estimate  skip  distance  as  a  function  of  transmitted 
frequency.  Thus  a  large  part  of  the  total  information  content  of  backscatter  records 
remains  unused. 

By  employing  computer  ray  tracing,  it  is  possible  to  simulate  the  backscatter  process 
and  produce  synthetic  backscatter  records  directly  on  the  computer  output  form.  Thus, 
the  effects  produced  by  different  ionospheric  distributions  may  readily  be  observed  in 
the  resultant  backscatter  plots.  In  the  formats  to  be  described,  either  angle  of  eleva¬ 
tion  or  mode  of  propagation  is  printed  at  each  backscatter  data  point.  If  required,  the 
data  may  be  limited  to  field  intensities  above  some  specified  threshold.  Study  of  these 
records  suggests  ways  in  which  backscatter  data  may  be  used  to  measure  the  properties  of 
the  ionosphere  along  a  particular  bearing  from  the  sounding  station.  This  requirement  is 
discussed  in  a  later  section,  together  with  a  brief  description  of  an  associated  routine 
for  simulating  oblique  incidence  ionograms  for  particular  paths  from  the  results  obtained 
by  ray  tracing  through  the  derived  model  of  the  ionospheric  distribution. 


2.  THE  RAY  TRACING  PROGRAM 

The  path  of  a  ray  through  the  ionosphere  is  represented  schematically  in  Figure  1. 

From  this  diagram,  it  may  be  seen  that 

tan  i 

AO  =  -  dr  ,  (1) 

r 

where  i  is  the  angle  of  incidence  of  the  ray  at  the  height  r  measured  from  the  centre 
of  the  earth,  and  d<9  is  the  angle  subtended  at  the  centre  of  the  earth  by  the  limits  of 
the  ray  path  over  the  height  increment  dr  . 
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By  applying  Snell’s  law  and  neglecting  the  effect  of  the  earth’s  magnetic  field  (see 
Reference  1  for  further  details),  one  may  derive  from  Equation  (1)  an  expression  for  the 
distance  (D  =  R$)  propagated  over  the  curved  earth’s  surface  (where  R  is  the  radius  of 
the  earth). 


-  cos  A  f  - 
2  Path  P  ^P  -  P  * N/f  - 


cos2  A) 


where  p  is  the  normalised  radius  r/R  ,  fN  is  the  plasma  frequency  (proportional  to  the 
square  root  of  the  electron  density),  f  is  the  wave  frequency  and  A  is  the  angle  of 
elevation  at  the  earth's  surface. 

The  value  of  the  integral  in  Equation  (2)  is  normally  calculated  numerically  hy  approxi¬ 
mating  the  ionosphere  with  a  large  number  of  thin  laminations  within  which  the  plasma 
frequency  fN  is  considered  to  be  constant.  However,  in  1953,  de  Voogt2  published  a  paper 
in  which  the  ionospheric  layers  were  each  represented  by  two  segments,  within  which  the 
plasma  frequency  distribution  was  of  a  form  yielding  an  analytic  solution  of  the  distance 
Integral.  Muldrew3  later  adopted  a  similar  approach,  using  a  simplified  form  for  the 
segments  (electron  density  practically  a  linear  function  of  height)  which  enabled  real 
ionospheric  distributions  to  be  synthesised.  In  the  work  described  here,  the  advantages 
of  both  methods  have  been  retained  through  the  use  of  segments  of  the  form 

f2  =  a/p2  +  b  +  gp2  ,  (3) 

where  a  ,  b  and  g  are  constants  calculated  to  fit  the  segment  to  part  of  the  required 
distribution  while  retaining  continuity  of  both  value  and  slope  at  the  junctions  with 
adjacent  segments.  The  differential  (dfN/dp)  is  assumed  to  be  zero  at  the  highest  point 
on  the  profile  (pffl)  so  that,  for  the  top  (nth)  segment, 

«.  = 

*"d  \  -  *.'4  ■ 

where  fc  is  the  plasma  frequency  at  pn  . 

The  value  of  a|I  is  then  calculated  to  minimise  the  quantity 


SA  =  S  [f^  -  (a1/p2+  bl  +  gjpj)]' 
an  =  -Sf^j  jllyj 


where 


7j  =  1/Pj2  -  2/p2  +  p2/pm“ 


The  summations  are  carried  out  with  progressively  larger  numbers  of  input  data  points, 
fN  (Pj)  ,  until  the  lowest  point  is  reached  for  which  the  segment  fits  all  the  data  points 
inJits  height  range  within  some  specified  tolerance  level. 

The  requirements  of  continuity  set  the  constants  for  the  lower  segments  as 

gi  =  gi  +  i  +  (ai  *  ai  +  i^k 

and  bj  =  bJ+1  -  2(bj  -  *i  +  l)/p£  . 

where  pk  is  the  upper  limit  of  the  1th  segment. 


J 
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The  value  of  at  is  then  calculated  as  before,  by  minimising  . 
Thus 


where  /3j  =  1/p2  -  2 !p\  +  p\/p\  ■ 

The  number  of  segments  required  to  fit  real-height  profiles  derived  from  actual  vertical 
incidence  ionograms  varies  typically  between  five  and  fifteen.  The  complete  curve-fitting 
process  is  required  only  once  for  each  profile;  in  all  subsequent  ray  tracing,  on  any 
frequency,  the  profile  is  referred  to  in  terms  of  the  segment  constants.  In  practice,  it  was 
found  that  certain  precautions  were  required  in  order  to  guarantee  a  sensible  fit  to  the 
original  profile.  Tests  had  to  be  included  in  the  computer  program  to  check  whether  the 
differential  (dfN/dp)  inappropriately  passed  through  zero  within  the  effective  height  range 
of  the  segment.  If  this  occurred,  intermediate  points  were  interpolated  and  the  segment 
constants  re-calculated.  The  degree  of  smoothing  achieved  by  the  segmented  curve  was  set 
at  a  reasonable  level  by  extending  the  fitting  process  to  include  one  or,  where  possible, 
two  data  points  just  below  the  height  range  of  each  segment. 

Analytic  solutions  of  the  distance  integral  (Equation  (2))  for  segments  of  the  form 
described  by  Equation  (3)  are  given  in  the  Appendix. 


3.  BACKSCATTER  SIMULATION 

Since  only  a  small  number  of  segments  is  required  in  order  to  fit  the  ionospheric 
distribution  up  to  the  height  of  maximum  electron  density,  relatively  few  calculations  are 
needed  to  evaluate  the  distance  a  ray  is  propagated.  The  consequent  high  speed  of  the 
computer  ray-tracing  program  makes  it  very  suitable  for  simulating  backscatter  sounding 
records,  for  which  a  large  number  of  ray  paths  need  to  be  traced. 

In  order  to  synthesise  a  backscatter  record,  it  is  necessary  to  calculate  the  time  of 
propagation  (t)  or  the  virtual  path  length  (P'  =  ct/2,  where  c  is  the  velocity  of  electro¬ 
magnetic  waves  in  free  space).  These  quantities  may  be  obtained  by  solving  expressions 
similar  to  the  distance  equations.  However,  the  similarity  of  the  integrals  suggests  a 
simpler  approach.  Thus,  Equation  (2),  re-written  as 

D  =  -  cos  A  /  I  d(p2)  , 

2  Path 


may  be  compared  with  the  virtual  path  length  equation 


P' 


/ 

2  Path 


p2l 


<Hp2)  . 


where  I  =  p'2  (p2  -p2f2/f2  -  cos2  A)' l^2  . 

Application  of  the  second  law  of  the  mean  for  integrals  then  yields 

P'  =  £D/cos  A  , 

where  £  is  some  value  between  the  limits  of  p2  over  the  integration  range. 

The  lower  limit  of  p2  is  unity  (value  at  the  earth's  surface)  and  the  upper  limit  of 
p2  is  (1  +  hr/R)2  ,  where  hr  is  the  height  of  reflection  measured  from  the  earth’s 
surface.  Since  hr  is  small  relative  to  R  ,  the  upper  limit  may  be  approximated  by 
(1  +  2hr/R),  which  yields 


7-4 


1  <  £  <  1  +  2hr/R  . 

Prom  ray-tracing  results,  £  was  invariably  found  to  be  within  1%  of  the  mean  value 
of  this  range. 

Hence  £  ~  1  +  hr/R  =  pT 

and  P'  ~  pf D/cos A.  (4) 

This  equation  is  used  in  the  computer  program  to  calculate  virtual  path  length  at  a 
number  of  frequencies  from  the  results  of  ray  tracing  with  a  variety  of  initial  elevation 
angles.  The  results  are  printed  in  the  form  of  a  synthetic  backscatter  record,  as  repre¬ 
sented  by  Figure  2.  The  angle  of  elevation  is  indicated  tay  a  letter,  the  key  for  which  is 
given  at  the  side  of  the  graph.  In  this  example,  rays  were  traced  at  2ft°  intervals  of 
elevation  angle.  The  effect  of  ionospheric  focusing  is  apparent  from  the  separation  of 
the  letters:  as  the  minimum  virtual  path  length  is  approached,  differences  between  the 
path  lengths  for  adjacent  ray  paths  become  so  small  that  several  angles  of  elevation  need 
to  be  Indicated  at  the  same  position  on  the  graph.  In  such  cases,  only  the  highest  angle 
of  elevation  in  the  group  is  printed;  the  included  angles  can  be  determined  from  the 
continuity  of  traces  for  constant  angles  of  elevation.  Figure  3  shows  a  plot  of  virtual 
path  lengths  for  four  selected  angles.  The  original  vertical  incidence  lonogram  would 
be  obtained  by  halving  the  path  lengths  given  by  ray  tracing  at  90°  angle  of  elevation 
(although  Equation  (4)  breaks  down  at  this  limit).  The  graphs  obtained  for  other  angles 
of  elevation  clearly  display  the  same  features  as  the  original  ionogram. 

The  original  ray-tracing  program  (see  Maliphant1)  included  a  routine  for  calculating 
the  effect  of  focusing  and  defocusing  on  a  forward  path.  For  this  calculation,  it  was 
necessary  to  evaluate  the  differential  (dD/dA).  The  analytic  expression  for  D  in  the 
type  of  ray-tracing  program  described  makes  it  possible  to  evaluate  this  differential 
directly.  Earlier  methods  required  additional  ray  tracing  to  calculate  this  quantity. 

The  field  strengths  thus  calculated  have  been  used  to  approximate  the  effect  of  iono¬ 
spheric  focusing  on  the  backscatter  data:  Figure  4  shows  the  same  output  as  Figure  2, 
except  that  printing  was  suppressed  whenever  the  calculated  field  intensity  fell  below 
a  prescribed  threshold.  Thus,  the  diagram  more  closely  represents  the  type  of  backscatter 
record  obtained  experimentally,  although  the  results  may  be  modified  significantly  by  the 
effects  of  absorption,  the  nature  of  the  ground  in  the  scattering  region,  and  the  polar 
diagrams  of  the  transmitting  and  receiving  aerials.  Figure  5  repeats  the  data  given  in 
Figure  4  but,  Instead  of  elevation  angle,  each  letter  represents  the  layer  in  which  the 
ray  was  reflected.  The  leading  edge  of  the  separate  returns  from  the  E-  and  F- layers 
are  clearly  distingu.shable. 


4.  IONOSPHERIC  CALIBRATION 

Many  methods  are  available  for  deriving  the  real -height  electron  density  distribution 
from  information  given  by  a  vertical  incidence  ionogram  (see,  for  example,  Wright  and 
Smith11).  It  has  been  shown  here  that  ray  tracing  at  any  fixed  angle  of  elevation  produces 
a  P'(f)  trace  displaying  similar  features  to  those  observed  on  a  vertical  incidence 
ionogram.  In  fact,  any  perturbation  of  the  ionospheric  distribution  is  more  apparent  on 
the  P'(f)  traces  obtained  at  lower  angles  of  elevation.  It  follows  therefore  that,  in 
the  case  of  a  concentric  ionosphere  the  real-height  electron  density  distribution  should  be 
derivable  from  P'(f)  data  obtained  at  any  fixed  angle  of  elevation.  A  method  of  perform¬ 
ing  this  reduction  for  the  simplified  case  of  a  plane-stratified  ionosphere  with  no  magnetic 
field  has  been  described  by  Unz5  and  in  a  later  paper  by  Gething  and  Maliphant6.  However, 
experimental  backscatter  data,  by  its  nature,  is  incomplete  and  it  is  unlikely  that  adequate 
information  could  be  obtained  at  a  fixed  angle  of  elevation.  Most  of  the  measurements  will 
be  restricted  to  backscatter  near  the  leading  edge  of  returns  from  the  various  ionospheric 
layers.  These  ray  paths  are  found  to  have  a  rather  constant  height  of  reflection  at  a 
level  defined  by  the  condition  fN  0.85fc  ,  which  is  generally  fairly  near  the  height 


of  maximum  electron  density  of  the  layer  concerned.  Since  the  minimum  virtual  path  length 
for  a  given  frequency  is  a  function  of  the  electron  density  distribution  up  to  the  height 
of  reflection  of  the  ray,  measurements  of  the  minimum  virtual  path  lengths  at  a  number  of 
frequencies  should  be  adequate  to  define  the  electron  density  distribution  in  the  absence 
of  any  horizontal  gradients.  In  the  practical  use  of  backscatter  sounding,  however,  it 
can  not  be  assumed  that  the  ionosphere  is  concentric  with  the  earth.  In  this  case  it  may 
be  acceptable  to  assume  a  constant  gradient  near  the  mid-point  of  the  ray  paths,  but  a  more 
general  solution  is  possible  by  describing  the  ionosphere  in  terms  of  an  “equivalent 
concentric  distribution".  This  term  will  be  explained  by  reference  to  Figure  6,  which 
shows  the  locus  of  apparent  heights  of  reflection,  described  as  a  reflectrix  hy  Lejay  and 
Lepechinsky7,  constructed  for  ray  paths  in  a  non-concentric  ionosphere.  The  apparent 
height  of  reflection  is  defined  as  the  height  at  which  the  straight  line  portion  of  the 
ray  path,  when  extended  from  the  origin,  intersects  the  perpendicular  erected  from  the 
surface  of  the  earth  at  the  centre  of  the  ground  range.  A  reflectrix  refers  to  propagation 
at  a  fixed  frequency.  The  equivalent  concentric  distribution  is  the  distribution  which, 
in  the  absence  of  horizontal  gradients,  yields  an  identical  reflectrix  for  the  same 
frequency.  The  effect  of  the  non-concentric  ionosphere  on  propagation  ranges  may  thus  be 
completely  described  by  the  equivalent  concentric  distribution.  Hie  extent  of  any  hori¬ 
zontal  gradients  may  be  judged  by  comparing  the  equivalent  concentric  distributions 
determined  for  different  frequencies.  If  there  are  no  horizontal  gradients,  these  distri¬ 
butions  will  be  identical  and  will  then  represent  the  actual  ionospheric  distribution. 

Hie  type  of  ray-tracing  program  described  in  this  paper  is  well  suited  to  the  require¬ 
ments  of  ionospheric  calibration,  since  it  is  necessary  only  to  adjust  the  segment  constants 
until  the  results  of  ray  tracing  are  the  same  as  the  measurements  taken  from  an  experimental 
backscatter  record.  Use  of  the  method  of  steepest  descents  to  determine  the  segment  con¬ 
stants  is  under  study  and  the  results  will  be  described  in  a  future  paper.  Before  using 
this  technique  as  a  refinement  process,  it  is  necessary  to  obtain  a  reasonable  approximation 
of  the  required  distribution.  When  angle  of  elevation  measurements  are  available,  an 
approximate  vertical  incidence  ionogram  [h'(fy)]  may  be  obtained  by  using  plane-ionosphere 
theory,  which  yields 

h'  =  R{v  [l  +  UP'/ R)z  +  (P'/R)  sinA]  -  l}  (5) 

and  fv  =  fv'[l  -  cos2  A/(l  +  h'/R)2]  .  (6) 

This  ionogram  may  then  be  reduced  by  one  of  the  simpler  methods  to  obtain  a  first  approxima¬ 
tion  of  the  real-height  profile. 

To  illustrate  the  use  of  this  technique,  data  from  five  points  on  the  backscatter  plot 
shown  in  Figure  4  have  been  used  to  calculate  points  on  an  approximate  vertical  incidence 
ionogram  and  the  real-height  equivalents  plotted  on  Figure  7  for  comparison  with  the 
original  profile.  The  virtual  path  length  obtained  by  using  the  approximate  profile  in 
the  ray-tracing  program  are  compared  with  the  required  values  in  Table  I.  Hie  refinement 
process  involves  adjusting  the  constants  for  each  of  the  profile  segments  in  turn  to 
determine  the  effect  on  the  resultant  path  lengths  and  then  using  this  information  to 
modify  the  profile  to  obtain  a  closer  fit  to  the  experimental  data. 

A  similar  procedure  may  be  used  when  measurements  have  been  obtained  at  different 
frequencies;  however,  in  this  case  the  validity  of  the  equivalent  concentric  distribution 
is  lost  and  the  accuracy  of  the  resultant  profile  depends  on  the  magnitude  of  any  hori¬ 
zontal  gradients  of  electron  density.  When  horizontal  gradients  are  fairly  small,  the 
minimum  virtual  path  lengths  recorded  over  a  small  frequency  range  may  be  used  to  derive 
an  average  profile  applicable  to  locations  near  the  region  from  which  these  signals  have 
been  returned. 
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5.  OBLIQUE  INCIDENCE  IONOGRAMS  FOR  FIXED  GROUND  RANGES 

Backscatter  data  may  be  used  most  efficiently  when  a  number  of  communication  circuits 
terminate  near  the  sounding  station.  In  such  cases,  the  information  contained  in  fixed- 
frequency  reflectrices  calculated  by  ray-tracing  through  profiles  which  yield  the  observed 
backscatter  data  may  be  stored  in  three-dimensional  arrays  (f,A,h')  applicable  to  parti¬ 
cular  bearings  at  the  time  of  measurement.  The  required  information  on  frequency,  angle 
of  elevation  and  path  length  for  a  fixed  ground  range  may  then  be  obtained  by  interpolation. 
If  desired,  synthetic  oblique  incidence  ionograms  may  be  produced  to  provide  information 
which  could  otherwise  only  be  obtained  by  oblique  incidence  sounding  between  the  two 
terminals.  (It  is  relevant  here  to  note  that,  for  a  concentric  ionosphere,  the  apparent 
path  length  for  F- layer  returns  appears  generally  to  be  larger  than  the  virtual  path  length 
but  remains  within  about  1%  of  that  value. ) 

On  occasions  when  backscatter  data  are  to  be  applied  to  a  single  communication  circuit, 
one  profile  may  often  be  sufficient  to  describe  the  effect  of  the  ionosphere  between  the 
two  terminals.  It  is  then  convenient  to  use  a  homing  technique  in  the  ray-tracing  program 
to  synthesise  an  oblique  Incidence  ionogram  for  the  required  ground  range. 

An  efficient  interpolation  process  has  been  developed  in  which  the  height  of  reflection 
is  held  constant  by  varyir,;  frequency  as  the  angle  of  elevation  is  adjusted  to  yield  the 
required  ground  range.  The  required  relation  between  angle  and  frequency  is  given  by  the 
equation 

f  cos2  A‘l/2 


(see  Reference  8  for  derivation). 

The  relationship  between  angle  of  elevation  and  distance  propagated,  for  a  constant 
height  of  reflection,  is  then  represented  empirically  hy  the  equation 


D  =  u  tan 


A  -  90 
w  -  1 


where  A  is  measured  in  degrees  and  the  constants  u  ,  v  and  w  are  calculated  to  fit 
the  ray-tracing  results.  It  may  be  seen  that  in  this  equation  D  is  a  monotonic  function 
of  A  ,  which  is  zero  when  A  =  90°  and  infinity  when  (A/90)  =  w  .  The  constant  w  is 
positive  only  when  the  height  of  reflection  is  near  the  height  of  maximum  electron  density; 
in  this  height  range,  the  value  may  be  obtained  directly  from  the  equation 


w  =  —  arc  cos 

90 


2 gjPr  +  bi 


In  order  to  synthesise  an  oblique  incidence  ionogram,  ray-tracing  results  are  required  for 
a  number  of  reflection  heights.  The  first  estimate  of  A  is  derived  from  values  previously 
calculated  for  the  lower  heights  of  reflection,  the  distance  resulting  from  the  subsequent 
ray  tracing  being  used  together  with  any  results  closer  to  the  required  value  to  modify  the 
constants  u  ,  v  and  w  .  The  interpolated  value  of  A  is  then  given  by  the  equation 


A  =  90  -  (1 -w)  arc  tan  (D0/u)l/v  , 


where  D0  is  the  required  value  of  D  . 

Using  the  method  described,  homing  within  0.5km  of  the  required  range  is  usually 
accomplished  with  only  one  to  three  range  calculations.  Typical  results  for  the  profile 
shown  in  Figure  7  are  given  in  Table  II. 
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APPENDIX 


In  practice,  this  expression  is  evaluated  for  each  segment  in  turn  until  the  value  of 
x  thus  obtained  falls  within  the  effective  height  range  of  the  segment.  This  value  is 
then  used  as  the  upper  limit  for  the  ray  path.  If  two  such  values  are  found  for  the  same 
segment,  the  lower  of  these  represents  the  correct  solution. 

Since  the  ray  path  is  symmetrical  in  a  concentric  ionosphere  with  no  magnetic  field, 
the  distance  calculated  by  summing  D1  up  to  the  height  of  reflection  is  doubled  to 
obtain  the  total  ground  range  covered  by  the  ray  while  travelling  through  the  ionosphere. 
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TABLE  I 

Virtual  Path  Lengths  Obtained  by  Ray-Tracing  Through  an  Approximate  Profile 
Compared  with  the  Values  Used  to  Derive  the  Distribution. 


Frequency 

(MHz) 

Elevation  Angle 
(degrees) 

Reflection  Height 
(km) 

Virtual  Path  Length  (km) 

Required  Value 

Approximate  Value 

10 

6 

88 

1358 

1394 

10 

30 

160 

927 

811 

10 

42 

184 

747 

720 

10 

50 

198 

709 

688 

10 

60 

216 

706 

714 

TABLE  II 

Ray-Tracing  Results  for  a  Ground  Range  of  1500  km. 


Frequency 

(MHz) 

Elevation  Angle 
(degrees) 

Reflection  Height 
(km) 

Virtual  Path 
Length 
(km) 

Number  of  Range 
Calculations 
Required 

9.46 

4.25 

90 

1525 

2 

10.68 

7.16 

100 

1536 

3 

7.50 

16.15 

130 

1594 

4 

8.72 

14.18 

140 

1581 

3 

9.61 

13.92 

150 

1582 

2 

10.46 

14.17 

160 

1586 

2 

11.57 

14.32 

170 

1590 

2 

12.  94 

14.53 

180 

1593 

2 

14.65 

14.78 

190 

1598 

2 

17.07 


14.93 


200 


1601 


3 


Schematic  representation  of  ray  path  through  the  ionosphere 


VIRTUAL  PATH  LENGTH  (KM) 
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Pig. 2  Synthetic  backscatter  record.  The  angle  of  elevation  is  indicated  by  a  letter, 
the  key  for  which  is  given  to  the  right  of  the  graph 
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Pig. 4  Synthetic  backscatter  record.  Printing  was  suppressed  whenever  calculated  field 

intensity  fell  below  a  prescribed  threshold 
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Fig. 5  Synthetic  backscatter  record.  Each  letter  represents  the  layer  from  which 

the  ray  was  reflected 


INTERFERENCE  PATTERNS  IN  HF  SIGNALS 


BACKSCATTERED  FROM  OCEAN  WAVES 

by 
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SUMMARY 


Signals  backscattered  from  the  North  Atlantic  Ocean  were  occasionally 
observed  at  Ottawa  from  1957  to  1964  at  frequencies  In  the  range  from  25 
to  40  MHz  using  an  oblique-incidence  ionospheric  sounder.  Enhancement 
of  the  backscatter  signal  by  skip-distance  or  time-delay  focusing  is 
evident  on  most  of  the  ionogram  records  containing  backscatter  signals. 
In  addition  patterns  consisting  of  up  to  six  parallel  ridges  appear.  It 
is  thought  that  these  patterns  are  caused  by  interference  of  radio  waves 
backscattered  from  spatially  coherent  waves  on  the  ocean  surface  at  dis¬ 
tances  of  a  few  thousand  kilometers  from  the  transmitter.  The  frequency 
separation  of  the  interference  ridges  indicates  that  the  ocean-wave  com¬ 
ponents  which  are  responsible  for  the  ridges  have  a  wavelength  of  about 
50  to  200  m;  such  waves  can  occur  in  ocean  swell  generated  by  gales  on 
the  ocean.  From  the  orientation  of  the  ridges  on  the  ionogram.  the 
change  in  wavelength,  with  distance  from  the  transmitter,  of  the  ocean 
swell  responsible  for  the  ridges  can  be  deduced. 


INTERFERENCE  PATTERNS  IN  HF  SIGNALS  BACKSCATTERED  FROM  OCEAN  WAVES 


D.  B.  Muldrew 


1.  INTRODUCTION 

The  backscatter  of  radio  waves  from  the  sea  surface  may  be  studied  by  direct  illumina¬ 
tion  of  the  sea,  or  by  using  an  ionospheric  mode  of  propagation.  On  occasion,  strong 
coherent  components  appear  in  the  backscatter  signals.  When  the  sea  is  illuminated  directly, 
coherent  backscatter  provides  information  on  the  state  of  the  sea  surface.  If,  however, 
an  ionospheric  mode  of  propagation  is  used,  the  interpretation  of  coherent  backscatter 
observations  is  more  difficult  since,  in  principle,  ionospheric  structures  could  also  cause 
coherent  scatter  signals. 

Using  a  vertical- incidence  HF  sounder,  Ellyett1  recorded  radio-wave  echoes  which  he 
thought  were  reflected  from  an  apparent  height  of  about  50  km.  These  echoes  occurred  65%  of 
the  time  during  daytime  and  had  a  strength  of  approximately  one-third  of  the  E-layer  echo. 
Major2  pointed  out  that  all  the  ionospheric  stations  which  recorded  echoes  similar  to  those 
reported  by  Ellyett  were  on  islands  or  near  the  sea. 

Crombie3  recorded  the  Doppler  shift  of  CW  radio  waves  backscattered  from  the  sea  surface 
at  13. 56  MHz.  The  received  signal  had  been  scattered  mainly  by  those  ocean  waves  that 
travelled  directly  away  from  or  toward  the  receiver  and  transmitter  (see  Figure  1).  In  one 
case  Crombie  showed  that  his  data  were  consistent  with  a  theoretical  model  based  upon 
coherent  reflection  from  about  six  consecutive  ocean  waves  of  length  k/2  where  k  is  the 
radio  wavelength. 

Dowden4,  using  a  vertical-incidence  ionospheric  sounder  at  Macquarie  Island,  received 
strong  vertically  polarized  echoes  at  very  low  elevation  angles,  with  apparent  ranges  from 
20  to  100  km.  He  concluded  that  these  echoes  (and  similar  echoes  recorded  by  Ellyett  and 
others)  were  caused  by  coherent  backscatter  from  the  sea  of  the  type  described  by  Crombie. 
Dowden,  and  later  Haubert5,  obtained  a  beat  frequency  on  the  records  of  twice  the  Doppler 
frequency.  They  concluded  that  this  beat  was  caused  by  interference  between  the  radio  waves 
backscattered  from  the  ocean  waves  travelling  directly  away  from  and  those  travelling 
directly  toward  the  ionosonde  (see  Figure  1). 

Coherent  backscatter  from  ocean  waves  at  about  50  MHz  was  reported  by  Sofaer6. 

Ranzi7  studied  HF  backscatter  signals  frum  sea  waves  and  noted  that  the  signals  were 
especially  strong  when  the  backscatter  occurred  near  the  sea  coast.  He  observed  that  when 
the  sea  was  rough  the  4  and  28  MHz  signals  were  of  similar  strength;  however,  for  a  calm  sea 
the  voltage-reflection  coefficient  was  about  10  times  greater  on  28  MHz  than  on  4  MHz.  He 
also  found  that  on  28  MHz  horizontally  polarized  waves  were  about  26  dB  weaker  than 
vertically  polarized  waves. 

Wait8  derived  an  equation  for  the  voltage- reflection  coefficient  relative  to  a  mirror- 
type  reflection  for  backscatter  from  coherent  ocean  waves.  For  10  successive  infinite 
ocean  waves  of  20  m  wavelength  having  a  height  of  1  m  and  at  a  range  of  20  km  from  the 
transmitter  (the  range  determines  the  size  of  the  Fresnel  zone),  he  obtained  a  reflection 
coefficient  for  radiowaves  of  40  m  wavelength  of  0.05  in  agreement  with  Dowden’ s 4 
measurements. 
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From  Wait’ s  equation  it  would  be  expected  that  a  28  Mhz  wave  would  have  a  voltage-re¬ 
flection  coefficient  about  15  times  greater  than  that  for  a  4  MHz  wave.  This  is  in  good 
agreement  with  Ranzi’s7  experimental  results  for  a  calm  sea.  On  calm  seas  backscatter 
likely  occurs  from  low- amplitude  swell  waves. 

Crombie  and  Watts9  noted  that  HF  sea- backscatter  data  obtained  by  direct  illumination 
of  the  sea  could  be  used  to  study  the  sea-wave  spectrum  and  its  variation  with  direction 
and  distance  up  to  about  200  km  from  the  transmitter.  The  present  paper  indicates  that 
oblique-incidence  HF  sounders  could  be  used  to  study  the  sea  surface  at  distances  up  to 
a  few  thousand  kilometers. 


2.  OBLIQUE  SOUNDER  CIRCUIT 

Between  September  1957  and  March  1964  an  oblique- incidence  sounder  was  operated  between 
Ottawa,  Canada  and  two  sites  in  Europe.  The  transmitters  and  receivers  at  both  ends  of  the 
path  stepped  nearly  simultaneously  in  frequency  from  3  to  49  MHz  at  a  rate  of  100  kHz  sec' 1 
The  European  site  was  changed  from  Slough,  England  (5300  km  path)  to  The  Hague,  Netherlands 
(5600  km  path)  in  March  1959  (see  Figure  2).  The  beamwidth  of  the  rhombic  antenna  used  in 
the  circuit  varies  with  frequency;  a  horizontal  beam  width  of  60°  is  probably  a  reasonable 
central  value  and  is  used  in  the  figure.  Between  2000  and  4000  km  the  elevation  angle  of 
one-hop  ionospherically  reflected  radio  waves  incident  on  the  sea  surface  is  less  than  20°. 


3.  OBSERVATIONS 

w 

Figure  3  is  part  of  an  oblique- incidence  ionogram  recorded  at  Ottawa  on  January  25,  1958 
at  about  1700  GMT.  The  apparent  range  (ct/2  ,  where  c  is  the  free-space  velocity  of  light 
and  t  is  the  time  interval  measured  from  transmission  of  a  pulse  from  the  Ottawa  terminal) 
is  given  on  the  vertical  scale  and  frequency  on  the  horizontal  scale.  The  vertical  scale  is 
correct  for  signals  backscattered  to  Ottawa  but,  because  the  transmitter  pulses  at  the  two 
terminals  do  not  occur  at  precisely  the  same  time,  this  apparent  range  scale  should  not  be 
applied  to  the  signals  received  from  Slough.  Traces  resulting  from  propagation  which  re¬ 
quired  two  and  three  hops  to  travel  between  Slough  and  Ottawa  are  labelled.  Both  the  high- 
angle  and  low-angle  branches  of  these  traces  can  been  seen.  It  is  well  known  that  focusing 
of  radio  waves  occurs  at  the  skip  distance  (LeJay  and  Lepechinsky 10;  Warren  and  Muldrew11); 
the  signal  backscattered  from  this  distance  and  which  arrives  at  the  transmitter-receiver 
terminal  will  have  been  focused  twice.  Time-delay  focusing  can  also  occur  (Peterson17). 

The  ‘skip-distance’  and/or  ’time-delay’  focus  ridge  can  be  clearly  seen  in  Figure  3.  For  a 
given  frequency  no  backscatter  signal  is  observed  at  ranges  less  than  the  range  of  the  skip 
distance.  In  the  backscatter  region  (above  and  to  the  left  oi  the  focus  ridge)  of  the 
ionogram  of  Figure  3,  three  ridges  can  be  seen.  Other  examples  of  such  ridges  appear  in 
Figure  4,  recorded  on  January  11,  near  2000  GMT,  1958.  Two  sets  of  ridges  can  be  seen  at 
frequencies  between  25  and  28  MHz  and  another  set  at  frequencies  between  29  and  32  MHz.  The 
focus  ridge  is  clearly  visible. 

In  this  paper  a  probable  explanation  of  the  sets  of  ridges  will  be  presented. 


4.  INTERPRETATION  OF  THE  INTERFERENCE  RIDGES 

In  this  section  it  is  assumed  that  radio  waves  are  scattered  by  a  periodic  ocean  surface 
with  waves  of  length  L  oriented  orthogonally  to  the  plane  of  incidence  of  the  radio  waves. 
Reinforcement  of  the  radio  wave  scattered  from  the  ocean  surface  can  then  occur  in  the  plane 
of  incidence.  If  the  elevation  angle  of  the  radio  waves  to  the  mean  ocean  surface  is  k  , 
then  reinforcement  of  the  backscattered  radio  waves  will  occur  at  a  radio  wave  length 
such  that 


"V2  = 


L  COS  K  , 


(1) 
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where  n  is  an  integer  (see  Figure  1). 
for  a  given  ocean  wave  length  are 

nc 

f„  -  ~  .  »*  1,  o  , 

2L  cos  k 

where  c  is  the  free-space  velocity  of  light.  At  a  given  range  on  the  ionogram  the 
frequency  difference  A  f  between  two  consecutive  ridges  is  given  by 


The  frequencies  at  which  reinforcement  can  occur 


Af 


fn+l  -  *n 


c 

2L  cos  k 


(3) 


From  (2)  and  (3), 


n 


(4) 


Using  (4)  it  is  possible  to  determine  n  with  an  accuracy  of  only  about  10%,  due  to  the 
uncertainty  in  measuring  Af  .  The  probable  values  of  n  for  the  three  ridges  in  the 
ionogram  of  Figure  3  are  though  to  be  10,  11  and  12  although  9,  10,  11  or  11,  12,  13  are 
also  possible. 


It  is  desirable  to  know  the  ocean  wavelength  in  the  backscatter  region  and  also  the 
rate  of  change  of  this  wavelength  with  distance  on  the  ocean  surface.  The  approximate 
rate  of  change  can  be  found  by  differentiating  (2)  with  respect  to  the  apparent  range  r'  . 
This  yields 


df_  nc  d(L  cos  k) 

_ n  _  _  _  _ _ '  _  / 

dr'  2(L  cos  k)  2  dr ' 

Using  (2),  L  cos  k  can  be  determined  at  any  apparent  range  r'  on  one  of  the  ridges  of 
the  interference  patterns;  for  example  for  the  n  =  11  ridge  at  2800  km  apparent  range, 
fn  =  35.0  MHz  and,  from  (2),  L  cos  k  =  47  m  .  The  slope  of  the  ridges  obtained  from 
the  ionogram  dfn/dr'  is  about  2.1  MHz  per  100  km  apparent  range  at  35  MHz  .  Thus  for 
n  =  11,  substitution  into  (5)  gives  d(L  cos  *)/dr'  ^  -2.8  m/100  km  .  The  values  for 
L  cos  k  and  its  slope  d(L  cos  *)/dr'  have  about  the  same  error  as  n  ,  i.e.  about  10%. 
Because  k  is  small  and  the  real  range  D  is  nearly  equal  to  r'  ,  the  change  of  ocean 
wavelength  with  real  range  from  the  transmitter,  dL/dD  ,  can  be  approximated  by 
d(L  cos  K)/dr'  with  an  error  which  is  much  smaller  than  the  error  of  about  10%  in 
d(L  cos  k)/6t'  . 

Using  sliders  (Smith13)  or  ray  tracing  (Muldrew14)  and  the  appropriate  vertical- 
incidence  ionogram  from  Ottawa,  Ontario  or  St.  John’ s,  Newfoundland,  it  is  possible  to 
estimate  the  elevation  angle  k  and  the  apparent  height  of  reflection  h'  of  the  radio 
waves  in  the  ionosphere  for  any  frequency  on  a  given  interference  ridge.  The  values 
obtained  for  f  =  35.0  MHz  at  an  apparent  range  of  2800  km  on  the  ionogram  of  Figure  3  are 
h'  -  320  km  and  k  -  7°  .  Hence  it  can  be  shown  that,  at  an  apparent  range  of  2800  km, 

L  cos  k  ,  equal  to  47  m,  corresponds  to  an  ocean  wave  length  L  of  about  47.5  m  at  a  real 
range  D  of  about  2670  km  from  the  sounder. 

There  appear  to  be  three  independent  interference  patterns  labelled  A,  B  and  C  in  the 
ionogram  of  Figure  4.  These  ridges  are  sketched  at  the  bottom  of  the  figure.  Similar 
analyses  to  that  given  above  for  the  set  of  ridges  in  the  ionogram  of  Figure  3  are 
summarized  in  Table  T. 


8-4 


5.  SIGNAL  STRENGTH 

Prom  Equation  (17)  of  Wait8  (1966)  an  estimation  of  the  backscatter  voltage- reflection 
coefficient  | R |  relative  to  a  mirrortype  reflection  can  be  made  from  a  series  of  ocean 
waves  aligned  orthogonally  to  the  plane  of  radio-wave  propagation.  Wait’s  Equation  (17) 
may  be  written 


where  A  is  the  radio  wavelength,  d  is  the  distance  from  the  sounder  to  the  scatter 
area  and  can  be  approximated  by  r'  .  d0  is  the  extent  of  the  coherent  ocean  waves  in 
the  direction  of  radio-wave  propagation  and  h  is  the  height  amplitude  (one  half  the 
height  from  trough  to  crest)  of  the  ocean  waves.  Equation  (6)  is  only  valid  if 
|r|  «  1  .  The  corresponding  values  of  A  and  d  for  the  ridges  in  the  ionogram  of 
Figure  3  are  9  m  and  2800  km  respectively.  If  the  number  of  coherent  ocean  waves  p  is 
taken  to  be  10  then,  since  L  =  47  m,  d0  ^  pL  ~  470  m  .  The  height  amplitude  of  swell 
waves  can  have  a  wide  range  of  values  for  a  given  wavelength;  however,  some  observations 
reported  by  Neumann15  give  h  ^  0.006L  and  this  value  will  be  used  here.  Using  these 
values  for  A  ,  d,  dfl  and  h  ,  Equation  (6)  yields  |r|  2:0.03.  This  simple  calculation 
gives  a  signal  strength  which  is  about  30  dB  below  a  specular  reflection.  The  sounder 
system  could  detect  signals  down  to  about  2  fi\  (E.L.  Kagg,  private  communication)  and 
backscatter  signals  30  dB  below  a  specular  reflection  give  signals  of  about  10  /j.\  from  a 
range  of  2500  km.  The  value  of  |r|  calculated  here  is  by  no  means  a  maximum  since  h 
might  reasonably  be  increased  by  a  factor  of  about  three  (Bigelow  and  Edmondson,  p.  71, 
of  Reference  16),  p  could  be  larger,  and  there  could  exist  several  independent  coherent 
scattering  areas  that  contribute  to  the  backscattered  signal. 


6.  DISCUSSION 

6. 1  Ocean  Waves  and  Season 

In  Table  I  the  ocean  wavelengths  obtained  vary  from  about  50  to  200  m.  Waves  of  this 
length  can  be  obtained  from  winds  of  18  to  40  knots  blowing  for  about  25  to  30  hours  over 
a  fetch  of  170  to  500  miles  (Vine  and  Volkmann17).  In  January  in  the  North  Atlantic,  gales 
with  winds  greater  than  34  knots  blow  20  to  30%  of  the  time;  about  50%  of  these  gales  last 
12  hours  or  more  and  about  10%  last  24  hours  or  more  (US  Nnvy  Hydrographic  Office18).  Thus, 
in  January,  it  appears  that  there  are  regions  of  the  North  Atlantic  suitable  for  producing 
backscatter  ridges  of  the  type  observed.  In  the  summer  backscatter  is  not  usually  observed 
on  the  oblique  ionograms;  this  is  probably  because  the  sea  surface  is  considerably  less 
active  (US  Navy  Hydrographic  Office18). 

6.2  Swell 

The  radio-wave  energy  responsible  for  the  interference  ridges  on  the  ionograms  is  not 
necessarily  backscattered  directly  from  the  area  of  a  gale  on  the  ocean,  but  may  be 
backscattered  from  the  swell  which  is  generated  by  the  gale.  This  is  illustrated  in 
Figure  1.  A  gale  on  the  ocean,  near  the  region  marked  'X’  in  the  figure,  may  generate 
swell  which  travels  circularly  outward  from  the  gale  area.  The  swell  can  extend 
continuously  for  many  hundreds  or  thousands  of  kilometers  and  may  propagate  away  from  its 
source  and  still  be  observable  for  several  days.  Longer  ocean  waves  travel  faster  than 
shorter  waves  and,  consequently,  at  a  given  point  on  the  ocean  the  frequency  of  the  swell 
increases  gradually  with  time  (Dinger19  ).  In  one  particular  set  of  Dinger's  data  (see 
Neumann  and  Pierson,  p.  359,  of  Reference  20)  the  peak  in  the  frequency  spectrum  of  swell 
increases  linearly  over  a  three-day  period  from  about  0.070  Hz  to  about  0.110  Hz.  From 
the  equation  for  group  velocity  of  ocean  waves  and  the  relation  between  ocean  wavelength 
and  frequency  (Neumann  and  Pierson,  p.280,  of  Reference  20),  the  change  in  frequency  with 
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time  at  a  given  point  can  be  related  to  the  change  in  wavelength  with  distance  on  the  ocean 
surface  at  a  given  time.  The  frequency  of  0. 110  Hz  corresponds  to  an  ocean  wavelength 
L  =  150  m  and  at  this  frequency  the  change  in  frequency  of  0.040  Hz  (0. 110  Hz  -  0.070  Hz) 
in  three  days  found  by  Dinger  corresponds  to  a  change  in  L  of  about  5. 7  m  in  a  100  km  range 
(see  the  Appendix)  on  the  ocean  surface.  In  Table  I,  the  values  of  |  dL/dD|  obtained  for 
patterns  B  (L  =  115  m)  and  C  (L  =  204  m)  of  Figure  4  are  both  6.6  m/100  km.  The  good 
agreement  here  is  likely  fortuitous;  nevertheless,  it  indicates  that  the  swell  explanation 
for  the  backscatter  ridges  is  not  unreasonable. 

Since  the  swell  spreads  out  circularly  from  the  source  there  will  be  two  zones  in  the 
swell  for  which  the  radio  waves  from  the  sounder  will  be  orthogonal  to  the  ocean  waves.  In 
one  zone  the  ocean  waves  will  be  travelling  toward  the  sounder  and  in  the  other  case  they 
will  be  travelling  away  from  the  sounder.  In  the  former  case  the  corresponding  ridges  on 
the  ionogram  will  have  a  positive  slope  (i.e.  dfn/dr'  >  0)  and  in  the  latter  case  they  will 
have  a  negative  slope.  Figure  4  illustrates  that  both  positive  and  negative  sloped  inter¬ 
ference  ridges  are  observed.  Positive  sloped  interference  ridges  occur  more  often  than 
negatively  sloped  ridges.  This  is  consistent  with  the  idea  that  the  backscatter  responsible 
for  the  ridges  occurs  from  swell  since,  in  the  2000  to  4000  km  zone  (Fig.  2)  from  which 
backscatter  occurs,  swell  travelling  toward  the  sounder  can  be  generated  almost  anywhere  in 
the  North  Atlantic  whereas  swell  in  this  zone,  travelling  away  from  the  sounder,  must 
originate  near  the  North  American  coast. 

6.3  Ocean-wave  Spectrum 

Oceanographers  generally  consider  ocean  waves  to  have  a  continuous  spectrum  of  wavelengths 
(Neumann  and  Pierson,  p.334  of  Reference  20).  An  analysis  of  western  North  Atlantic  wave 
records  by  Seiwell  and  Wadsworth21  ),  however,  indicates  that  ocean  wave  spectra  frequently 
consist  of  one  dominant  frequency  on  which  random  components  of  lesser  amplitude  are  super¬ 
imposed.  The  dominant  frequency  appears  to  be  that  generated  under  the  influence  of  a 
controlling  meteorological  situation  and  the  random  components  by  local  winds.  The  work 
of  Seiwell22  is  disregarded  by  Neumann  and  Pierson20  .  Neumann  and  Pierson  may  be  right 
in  general  but  there  may  also  be  isolated  patches  of  ocean  in  which  coherence  is  approxi¬ 
mated.  It  would  be  difficult  to  explain  the  interference  ridges  of  the  ionogram  of 
Figures  3  and  4  if  Neumann  and  Pierson  were  right,  since  the  occurrence  of  ridges  implies 
that  in  at  least  some  cases  there  is  a  dominant  sinusoidal  component  in  the  ocean  wave 
spectrum.  As  mentioned  above,  Crorabie3  could  explain  his  data  in  some  detail  from  the 
assumption  that  backscatter  was  occurring  from  six  coherent  waves. 


7.  CONCLUSIONS 

This  paper  has  indicated  that  interference  patterns  resulting  from  coherent  backscatter 
from  ocean  waves  are  occasionally  observed  on  oblique- incidence  ionograms.  The  possibility 
that  these  interference  patterns  are  due  to  ionospheric  structure  rather  than  to  sea  scatter 
cannot  be  ruled  out  by  the  present  observations,  but  the  probability  of  this  is  considered 
to  be  small.  The  earlier  work  of  Ellyett',  Crombie3  and  others  demonstrated  that  backscatter 
of  this  type  is  to  be  expected.  It  has  also  been  shown  that  ocean  conditions  required  to 
produce  the  observed  patterns  occur  frequently  in  January,  when  most  of  the  ionograms  con¬ 
taining  backscatter  are  recorded,  and  that  the  backscatter  signals  should  be  of  sufficient 
strength  to  be  detected. 

A  narrow-beam  backscatter  radar  would  be  a  much  better  instrument  than  the  oblique- 
incidence  sounder  described  here  for  detecting  interference  patterns  resulting  from 
backscatter  of  radio  waves  from  coherent  ocean  waves,  and  hence  for  studying  the  wave 
structure  of  the  sea  surface. 

Assuming  that  the  present  explanation  of  the  interference  ridges  observed  on  oblique 
HF  ionograms  is  essentially  correct,  then  in  at  least  some  small  areas  of  the  ocean  there 
appears  to  be  a  single  dominant  component  in  the  ocean  wave  spectrum.  As  mentioned 
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above,  Croabie3  and  Seiwell  and  Wadsworth21  also  indicate  this,  although  this  view  is 
not  commonly  accepted.  The  wavelength  of  this  dominant  component  would  change  gradually 
with  distance  on  the  ocean  surface. 
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APPENDIX 

Distance  Rate  of  Change  of  Ocean  Wavelength  in  Swell 


From  Neumann  and  Pierson  (p.280  of  Reference  20),  the  relationship  between  wavelength 
L  and  wave  frequency  f  is  given  by 


L 


(Al) 


where  g  is  the  acceleration  of  gravity.  The  group  velocity  vg  of  deep  water  waves  is 
given  by 

Vg  —  2  Lf  .  (A2) 

The  distance  D  travelled  by  a  group  of  waves  is 

D  =  Vgt  ,  (A3) 

where  t  is  the  time.  Substituting  (Al)  and  (A2)  into  (A3),  to  eliminate  f  and  vg  , 
and  differentiating,  holding  t  constant,  gives 


(A4) 


Substituting  (Al)  and  (A2)  into  (A3),  to  eliminate  L  and  vg  ,  and  differentiating, 
holding  D  constant,  gives 


g 

477  D 

Thus,  from  (A4)  and  (A5), 

/3l\  8tiL  /Bf\ 

Wt  =  V  WD 


(A5) 


% 

(A6) 


For  L  =  150  m  ,  g  =  9.8  m  sec'2  and  (Bf/Bt)D  =  0.040  Hz  per  3  days  =  1.5  x  10" 7  Hz  sec'1 
(BL/3D)t  =  5.7  x  10' 5  =  5.7  m/100  km  . 


TABLE  I 


Results  for  a  given  frequency  on  a  ridge  of  the  interference  patterns  shown  in  Figures 
3  and  4. 


Fig.  3 

Fig.  4,  A 

Fig.  4,  B 

Fig.  4,  C 

f  (MHz) 

35.0 

28.0 

27.7 

30.5 

Apparent  range,  r'  (km) 

2800 

2375 

2550 

2650 

n  =  f/Af  ,  10%  error 

11 

12 

21 

41 

L  cos  k  (ra)  ,  10%  error 

47 

64 

114 

202 

h'  (km) 

320 

310 

305 

320 

k  (deg) 

7 

10 

8 

8 

D  (km) 

2670 

2240 

2420 

2520 

L  (m)  ,  10%  error 

47 

65 

115 

204 

dL  d(L  cos  k) 

—  ^  -  (m/100  km), 

dD  dr' 

10%  error 

00 

CM* 

1 

2.2 

-6.6 

-6.6 

SOUNDER 


Fig.  1.  Coherent  backscatter  of  radio  waves  of  wavelength  \  from  ocean  waves  of  wave¬ 
length  L  Hie  transmitter  and  receiver  are  located  on  an  island  and 
the  backscatter  is  occurring  from  waves  moving  with  velocity  v  toward 

and  away  from  the  sounder 
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Gnomonic-projection  map,  showing  area  of  North  Atlantic  where  most  of  the 
backscatter  observed  on  the  Ottawa  oblique-incidence 
ionograms  probably  occurs 


FREQUENCY  (MHi) 


Oblique-incidence  ionogram,  recorded  at  Ottawa  on  January  25,  1958,  at  about 
1700  GMT,  showing  two-hop  and  three-hop  traces,  backscatter 
focus  ridge,  and  interference  ridges 
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Oblique-incidence  ionogrtun  recorded  at  Ottawa  on  January  11,  1958,  at  about 
2000  GMT,  showing  focus  ridge  and  three  sets  of  interference  ridges 


SOME  CHARACTERISTICS  OP  GROUND 
SIDE-SCATTER  AT  20  MHz 

by 

D.  W.  Rice 

Radio  Physics  Laboratory 

Defence  Research  Telecommunications  Establishment 
Ottawa,  Canada 


SUMMARY 


Observations  were  made  at  Ottawa  of  the  time  delay,  horizontal  angle  of 
arrival,  and  amplitude  of  20  MHz  WWV  time  standard  transmissions  from 
Washington.  These  observations  are  interpreted  in  terms  of  two-hop  propaga 
tion  over  a  non-great-circle  path,  with  scatter  occurring  from  the  ground 
beyond  the  transmitter  and  receiver  one-hop  skip  distances.  Due  to  the 
relatively  small  transmitter-receiver  separation  (710  km),  these  skip 
focusing  regions  nearly  coincide.  The  observed  signals  arrive  over  an 
azimuthal  range  of  270°  or  more,  with  transit  times  10  to  20  milliseconds 
in  excess  of  that  expected  for  great-circle  propagation  (3  milliseconds). 

It  is  often  observed  that  time  delay  dispersion  adds  additional  cycles  to 
the  transmitted  one  second  “ticks"  ,  which  are  5  cycles  of  1  kHz  tone.  It 
is  shown  that  this  extension  in  time  of  the  modulation  is  due  to  scattering 
from  two  or  more  areas  simultaneously,  rather  than  from  one  extended  area. 
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SOME  CHARACTERISTICS  OF  GROUND 
SIDE-SCATTER  AT  20  MHz 

D.  W.  Rice 


1  INTRODUCTION 

It  has  long  been  recognized  that  radio  waves  propagated  via  one  or  more  ionospheric 
reflections  do  not  always  travel  from  transmitter  to  receiver  along  the  great-circle  path. 
These  non-great-circle  modes  of  propagation  may  manifest  themselves  in  various  ways;  for 
example,  signals  may  be  received  from  a  transmitter  located  within  the  receiver  skip  zone1, 
with  time  delays  in  excess  of  that  expected2,  and  from  directions  other  than  the  great 
circle  direction  to  the  transmitter3. 

While  early  workers  agreed  that  these  anomalous  signals  were  due  to  propagation  over 
unusually  long  paths,  the  nature  of  these  paths  and  the  reasons  for  them  remained  in 
dispute  for  some  time.  Explanations  usually  involved  one  or  more  ionospheric  reflections, 
combined  with  scattering  either  at  the  ground  or  in  the  ionosphere2,4,5.  Our  present 
understanding  is  that  either  of  these  may  occur,  depending  upon  path  geometry  and  the 
current  ionospheric  conditions6,7. 

Figure  1  illustrates  the  situation  of  interest  here,  in  which  signals  are  received 
by  way  of  scattering  from  an  area  on  the  ground.  This  ground  side-scatter  mode,  as  it  is 
called,  results  from  propagation  to,  and  scatter  from,  a  region  at  or  beyond  the  skip 
distances  from  both  the  transmitter  and  the  receiver7,8.  Because  of  skip  distance 
focusing,  the  strongest  signals  are  scattered  from  regions  where  the  skip  distances 
intersect. 


2.  EXPERIMENTAL  EQUIPMENT  AND  PROCEDURE 

Ground  side-scatter  signals  at  20  MHz  originating  from  WWV  at  Washington,  DC,  were 
recorded  at  Ottawa,  Canada,  a  great-circle  distance  of  710  km.  The  transmitting  antenna 
was  omni-directional.  The  receiving  antenna  was  a  three- element  Yagi  rotated  in  a 
horizontal  plane  at  one  revolution  per  minute,  thus  providing  an  indication  of  the  azimuthal 
direction  of  signal  arrival. 

Due  to  severe  fading  of  the  20  MHz  signal,  the  amplitude  versus  azimuth  data  was 
averaged  over  15-minute  intervals  in  order  to  obtain  representative  results.  The  analysis 
procedure  was  to  scale  the  original  strip-chart  records  and  then  enter  these  data  into  a 
computer  along  with  receiver  calibration  data.  The  subsequent  computer  processing  included 
conversion  of  the  experimental  data  to  decibels  relative  to  1  /xV  at  the  receiver  input, 
averaging  of  the  corrected  data,  c’- putation  of  the  root -mean- square  deviations  of  the 
averages,  and  output  of  the  data  in  graphical  and  tabulated  form. 

The  5  MHz  WffV  signal  was  also  recorded,  so  that  the  time  delay  between  the  arrival  of 
the  5  and  20  MHz  signals  could  be  determined.  A  local  frequency  standard  was  used  to 
trigger  an  oscilloscope  display  of  the  1-second  "ticks”  (which  are  5  cycles  of  1  kHz  tone) 
that  modulate  the  5  and  20  MHz  transmissions.  The  oscilloscope  display  was  then 
photographed. 
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3.  TIMF  DELAY  AND  SIGNAL  AMPLITUDE  RESULTS 

Figure  2(a)  shows  the  results  of  a  series  of  measurements  made  on  March  8,  1966.  These 
results  are  typical  of  those  obtained  on  14  magnetically  quiet  (planetary  magnetic  index 
K  <  4)  days  during  February,  March  and  November,  1966.  Shown  is  a  series  of  graphs  of 
signal  strength  versus  azimuth,  the  signal  strength  being  indicated  in  decibels  relative 
to  a  reference  level  of  1  across  50  ohms  at  the  receiver  inpu^.  The  signal  strength 
in  the  direction  of  signal  maximum  is  in  the  range  5  to  20  dB  above  the  reference  level. 

This  is  45  to  60  dB  below  the  free-space  propagation  value  for  the  great-circle  propagation- 
path  distance,  or  30  to  45  dB  below  the  free-space  value  for  a  distance  equal  to  the  side- 
scatter  path  length. 

The  graphs  of  Figure  2(a)  may  be  compared  with  Figure  2(b),  which  shows  the  measured 
receiving  antenna  pattern.  It  is  evident  that,  during  most  of  the  day,  the  signals 
arrive  from  a  range  of  azimuths  much  greater  than  the  60°  beamwidth  of  the  antenna.  Signal 
amplitude  is  a  minimum  to  the  north,  where  the  skip  zones  retreat  to  great  distances 
because  of  the  lower  ionization  density  normally  found  in  this  direction.  In  contrast, 
near  sunrise  (1200  -  15  GMT)  scattering  tends  to  be  more  concentrated  towards  the  south¬ 
east  where  ionization  is  highest  and  at  sunset  (2330  -  45  GMT)  the  last  signals  received 
are  scattered  from  the  south-west.  During  the  night,  the  ionization  dens'ty  remained  too 
low  to  support  a  detectable  side-scatter  signal. 

Each  polar  diagram  in  Figure  2(a)  is  an  average  of  15  azimuth  scans  of  the  antenna; 
the  r.m.s.  deviations  of  the  measurements  from  their  averages  is  noted  on  each  diagram. 

These  r.m.s.  deviations  are  in  the  range  3  to  4  dB.  Also  noted  on  each  of  the  diagrams 
(except  for  two  in  which  relative  time  delay  was  not  measured)  are  the  observed  average 
time  delays  between  the  initial  arrivals  of  the  5  and  20  MHz  signals.  These  time  delays 
are  in  the  range  14  to  16.5  milliseconds.  As  the  one-hop  great-circle  propagation  time 
from  Washington  to  Ottawa  is  3  milliseconds  (assuming  that  the  5  MHz  signal  propagates 
along  the  great  circle),  the  20  MHz  signal  has  a  total  transit  time  of  17  to  19,5 
milliseconds. 

If  the  side-scatter  mode  depicted  in  Figure  1  is  assumed,  then  the  measured  propagation 
time  may  be  used  to  locate  a  scattering  point  on  an  ellipse  about  the  transmitter-receiver 
axis.  (This  ellipse  is  nearly  circular  in  the  present  case.)  If  it  is  further  assumed 
that  all  signals  are  received  via  the  antenna  main  lobe,  then  the  azimuth  of  the  antenna 
at  the  instant  of  reception  may  be  taken  as  a  rough  indication  of  the  direction  to  the 
scattering  point.  Figure  3  shows  individual  scattering  points  located  in  this  manner,  for 
a  12-minute  period  near  local  noon.  While  the  location  in  azimuth  of  an  individual  point 
has  considerable  uncertainty,  the  distribution  of  the  points  is  a  good  indicator  of  the 
location  of  the  scattering  areas.  This  is  because  points  could  be  located  only  wh^n  the 
signal  was  sufficiently  above  the  noise  level,  so  that  there  are  more  points  in  the 
directions  of  the  stronger  signals. 

Figure  3  also  indicates  the  transmitter  and  receiver  skip  zones  computed  on  the  basis 
of  ionospheric  predictions.  Such  predictions  are  based  on  average  conditions  for  a  given 
month,  time  of  day,  and  sunspot  number;  ionosonde  data  taken  at  seven  North  American 
stations  showed  that  the  actual  F-layer  critical  frequencies  were  on  the  average  10%  lower 
than  the  predicted  values.  If  this  were  uniformly  true  over  the  entire  relevant  area,  the 
skip  zones  would  be  increased  in  distance  by  about  600  km.  This  would  improve  the  agree¬ 
ment  with  the  locations  of  the  scattering  points,  particularly  to  the  south-west.  Taking 
this  into  account,  the  agreement  between  the  computed  skip  zones  and  the  measured 
scattering  areas  is  quite  good  for  the  latitudes  south  of  Ottawa.  Those  points  appearing 
to  the  north  and  north-west  are  believed  to  be  due  to  reception  of  signals  by  the  back 
lobe  of  the  antenna;  the  relatively  small  amplitudes  of  these  signals  correspond  to  those 
expected  from  the  back  lobe. 

Since  the  skip  zone  computations  are  based  on  average  conditions,  the  zones  at  a  given 
time  are  likely  to  depart  in  detail  from  that  shown.  In  particular,  they  may  intersect 


9-3 


at  points  other  than  the  two  indicated.  The  areas  of  such  crossings  would  be  preferred 
for  scattering  because  the  signal  is  doubly  focused  there. 


4.  TIME  DELAY  DISPERSION 

Important  information  regarding  the  number  and  extent  of  ground  scattering  areas  can  be 
obtained  from  the  observed  time  delay  dispersion  of  the  signals.  The  1-second  "ticks”  of 
the  20  MHz  signal  often  appear  to  have  more  than  5  cycles.  Some  examples  of  this 
phenomenon  are  shown  in  Figure  4,  which  shows  successive  1-second  ticks  for  both  5  and 
20  MHz  signals.  It  will  be  shown  that  this  extra  modulation  is  likely  due  to  scattering 
from  two  or  more  well  separated  areas  providing  different  path  lengths,  and  not  due  to  a 
single  extended  scattering  region,  as  might  at  first  be  thought. 

Consider  the  geometry  shown  in  Figure  5.  For  simplicity,  the  transmitter  and  receiver 
are  both  considered  to  be  located  at  the  origin.  As  with  a  conventional  backscatter 
radar,  power  is  returned  to  the  receiver  after  scattering  from  the  distant  ground  area, 
with  the  greatest  signal  power  being  received  from  just  beyond  the  skip  distance  because 
of  skip-distance  focusing9.  Assuming  plane  earth  geometry,  the  power  incident  on  ground 
area  dA  is 


dP 


i 


PtGt  dA  sin  S 
4rrr2 


(1) 


and,  assuming  that  the  incident  power  is  scattered  into  a  hemisphere,  the  portion  of  the 
scattered  power  received  back  at  the  receiver  is 


pdPj  GR\2 

2nr2  477 - 


(2) 


where,  in  Equations  (1)  and  (2), 


T 

S 


P  - 


Gr\2/477 


transmitted  power 
transmitting  antenna  gain 

elevation  angle  of  the  radiation  incident  on  the  ground 

effective  path  length  from  the  transmitter-receiver  combination  to  the 
scattering  area 

apparent  ground  reflection  coefficient,  which  includes  the  effects  of 
ionospheric  focusing 

receiving  antenna  gain 

effective  area  of  the  receiving  antenna. 


Substituting  Equation  (1)  and  the  equations 


sin  S 

2h 

r 

dA 

=  xdxd0 

xdx 

=  rdr 

into  Equation  (2)  and  integrating  with  respect  to  0  ,  one  obtains 

pKPTdr 


dP 


rec 


(3) 
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where  j  dtp 


T7/3  for  the  antenna  used,  and 


K 


GTGR\2h 
48 tt2 


The  apparent  ground  reflection  coefficient  p  is  a  complicated  function  of  the  nature 
of  the  ground,  the  angle  of  incidence,  the  polarization,  and  ionospheric  focusing.  As  a 
first  approximation,  assume  that  skip-distance  focusing  is  the  only  significant  source  of 
variation,  and  that  the  variable  p  has  the  form 


0,  for  r  <  r 


Pn  exp  - 


o 

r  -  r„ 


for  r  >  r0  . 


(4) 


where  rQ  is  the  effective  path  length  to  the  skip  distance,  and  pQ  is  the  reflection 
coefficient  at  the  skip  distance.  L  is  the  "scattering  length”,  the  distance  in  which 
the  scattered  power  decreases  by  the  factor  e  .  It  is  also  necessary  to  specify  the 
transmitted  power  PT  as  a  function  of  time  and  space.  The  modulation  waveform  of  WWV  in 
the  vicinity  of  the  1-second  “ticks"  may  be  described  as 


P 


o 


2r 

for  t  -  —  <  0 
c 


2r 

for  0  <  t  -  —  <  0. 005  > 


P 


o 


2r 

for  t - >  0.  005, 

c 


(5) 


where  wB  is  the  modulation  angular  frequency,  i.e.  wm/2  =  1  kHz,  and  PQ  is  a  constant. 


Assuming  “incoherent  scatter,  the  total  power  received  is  the  integral  of  Equation  (3) 
over  all  ranges  from  the  skip  distance  to  infinity,  with  p  and  PT  as  given  by  Equations 
(4)  and  (5)  respectively, 


P 


rec 


(6) 


The  integral  in  Equation  (6)  was  evaluated  directly  on  a  digital  computer;  Figure  6 
shows  some  of  the  results.  The  computed  modulation  envelopes  are  for  various  values  of  the 
ratio  LAb  ,  that  is,  the  ratio  of  scattering  length  to  modulation  wavelength.  The  result  for 
LAb  =  0.01  corresponds  very  nearly  to  the  result  for  a  point  scatterer  (the  100%  modula¬ 
tion  of  the  transmitted  signal  is  reproduced)  whereas,  for  increasing  scattering  length, 
the  modulation  smears  and  the  depth  of  modulation  of  the  received  signal  decreases.  A 
comparison  of  these  results  with  the  observed  signals  indicates  a  scattering  length  L 
of  the  order  of  one-tenth  of  the  modulation  wavelength  (L  ^  30  km).  This  is  in  reasonable 
agreement  with  detailed  focusing  calculations9. 

A  further  computational  result  is  shown  in  Figure  7,  which  shows  the  signal  amplitude 
received  from  two  scattering  regions  such  that  the  two  returns  overlap.  The  different 
cases  show  the  signal  for  different  phases  between  the  two  signals  in  the  region  of 
overlap.  The  similarity  between  the  calculations  and  the  signals  shown  in  Figure  4  is 
obvious.  Due  to  the  low  signal-to-noise  ratio  of  the  recorded  signals,  it  does  not  seem 

worthwhile  to  attempt  a  more  detailed  comparison. 


9-5 


These  computational  results  indicate  that  returns  from  two  or  more  scattering  areas, 
at  different  ranges,  are  required  in  order  to  explain  the  observed  time-delay  dispersion. 
Although  it  is  possible  that  two  scattering  areas  could  exist  at  nearly  the  same  azimuth, 

„t  seems  more  likely  that  the  scattering  areas  are  well  separated  in  azimuth,  with  large 
scale  ionization  gradients  causing  a  variation  of  skip  distance  with  azimuth.  Thus  some 
of  the  returns  at  a  given  instant  are  likely  to  be  received  well  off  the  axis  of  the  main 
lobe  or  by  the  back  lobe  of  the  antenna.  The  observational  effect  could  be  quite  different 
if  an  antenna  with  more  azimuthal  discrimination  were  used. 


5.  CONCLUDING  REMARKS 

Differences  in  tho  propagation  delays  of  5  and  20  MHz  transmissions  over  a  710  km  path, 
together  with  direction-of-arrival  measurements  of  the  higher-frequency  signal,  are  found 
to  be  consistent  with  a  model  of  ground  side-scatter  of  the  20  MHz  signal  from  just  beyond 
the  one-hop  skip  distance.  The  observed  time-delay  dispersion  indicates  that  scattering 
often  occurs  from  two  or  more  areas  simultaneously.  This  is  a  consequence  of  the  near 
coincidence  of  the  transmitter  and  receiver  skip  zones  because  of  the  relatively  small 
transmitter-receiver  separation. 

While  the  relatively  low  signal  levels  and  the  time-delay  dispersion  are  limitations 
insofar  as  communications  use  of  side-scatter  is  concerned,  side-scatter  may  provide  an 
attractive  alternative  in  some  instances.  It  could  be  used  to  extend  the  period  of  time 
each  day  when  a  given  frequency  may  be  utilized,  providing  the  necessary  adjustments  in 
antenna  orientations  are  made.  It  could  also  be  used  to  provide  HF  communications 
around  areas  of  ionospheric  disturbance,  such  as  the  auroral  zones,  or  areas  of  nuclear 
detonation.  The  exploitation  of  side-scatter  in  situations  such  as  these  could  lead  to 
an  increase  in  the  overall  reliability  of  HF  communications. 
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Pig.l  Pictorial  representation  of  propagation  from  T  to  R  via  ground  side-scatter 


Fig. 2(a)  Polar  plots  of  averaged  signal  strength  versus  azimuth.  The  root-mean- square 
deviation  of  the  experimental  points  from  the  average  is  indicated.  At  is 
the  average  time  delay  between  the  reception  of  the  5  and  20  MHz  signals 

(b)  20  MHz  horizontal  antenna  pattern,  as  measured  at  10°  elevation  angle.  This 

antenna  was  rotated  at  1  revolution  per  minute 


Computed  modulation  envelopes  for  various  ratios  of  scattering  length  to  modulation 
wavelength  I/A.  .  (Only  one-half  of  the  modulation  envelope  is  shown) 


AMPLITUDE 


Fig. 7  Computed  modulation  envelopes  for  the  resultant  of  two  scattered  returns  which 
overlap.  At  is  the  difference  between  the  arrival  times  of  the  two  signals 
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SUMMARY 


In  most  cases  of  oversea  propagation  in  the  visual  range  the  interfering 
effect  of  energy  reflected  and  scattered  from  the  sea  surface  has  to  be 
taken  into  account.  The  effect  is  of  most  importance  when  the  sea  is  fully 
illuminated  by  the  transmitting  beam,  either  because  the  aerial  beamwidth 
is  wide,  or  because  small  grazing  angles  make  discrimination  against  reflected 
energy  impossible  for  even  a  high  gain  aerial. 

In  this  paper  tne  energy  from  the  sea  surface  is  assumed  to  be  composed 
of  a  coherent  reflected  ray  and  incoherent  scattered  energy  havinj  a  Rayleigh 
amplitude  distribution.  This  model  of  the  propagation  is  discussed  in  terms 
of  the  experimental  and  theoretical  work  of  Beard  and  others,  and  curves  are 
presented  displaying  simply  the  calculation  of  probability  of  fade  depth. 

Low  level  ground-to-air  propagation  tests  are  described  on  three 
frequencies,  bracketing  the  UHF  and  SHF  bands,  and  the  fading  amplitudes 
which  were  measured  are  shown  to  be  in  acceptable  agreement  with  the  model. 
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FADING  AMPLITUDE  DUE  TO  INTERFERENCE  FROM 
FORWARD  SEA  SCATTER 

G.C.  Rider 


1.  INTRODUCTION 

A  specification  of  the  energy  arriving  at  the  receiver  from  the  sea  surface  is  required 
in  most  cases  of  <  ersea  propagation  in  the  visual  range,  and  is  of  most  importance  when 
the  sea  surface  is  fully  illuminated  by  the  aerial  beams,  either  because  the  beamwidths 
are  wide  or  because  small  grazing  angles  make  discrimination  against  reflected  energy 
impossible  even  for  high  gain  aerials. 

This  paper  is  concerned  with  the  prediction  or  statistics  of  fade  depth  for  a  ground-to 
air  propagation  path,  the  end  product  being  a  plot  of  signal  strength  probability  versus 
range  or  time,  of  the  form  illustrated  in  Figure  1.  A  model  of  the  propagation  mechanism 
is  first  described  and  the  fade  depth  calculations  which  arise  from  it  are  set  out  for 
straightforward  calculation.  Finally  the  results  of  some  flight  tests  are  presented  and 
shown  to  be  in  accord  with  the  theory. 


2.  THE  MODEL 

The  scatter  model  is  presented  in  the  terminology  of  C. I.  Beard1,  since  the  experiments 
which  he  describes  provide  its  most  extensive  validation,  and  his  graphs  are  reproduced 
for  use  in  computation.  Other  presentations,  for  example  by  Clarke2,  lead  to  analogous 
conclusions. 

It  is  usual  to  consider  the  fading  within  the  visual  range  to  be  due  to  the  interference 
between  a  direct  ray  and  a  sea- reflected  ray,  and  the  present  model  extends  this  treatment 
by  introducing  an  additional  vector.  Thus  the  reflected  ray  is  represented  by  two  vectors, 
one  with  phase  as  for  reflection  in  a  smooth  sea  and  amplitude  dependent  upon  roughness 
and  the  other  an  incoherent  or  "noise”  vector  with  random  phase  and  with  amplitude  also 
dependent  upon  the  roughness  of  the  surface. 

Referring  to  Figure  2,  D  is  the  direct  or  free  space  vector,  used  as  unit  reference 
for  the  fading  calculation.  The  coherent  reflected  vector  C  is  shown  both  theoretically 
and  experimentally  to  be  a  function  of  the  Rayleigh  roughness  parameter,  hi/'A  ,  where  h 
is  the  r.m.s.  deviation  of  the  sea  surface  from  its  mean  level  and  </<  is  the  grazing 
angle  of  reflection  (in  milliradians).  Figure  3,  due  to  Beard,  shows  this  dependence. 

The  ordinate  is  the  coherent  ray  normalised  with  respect  to  its  smooth  sea  value,  that  is. 
incident  vector  times  smooth  earth  reflection  coefficient  Dp  . 

The  incoherent  component  is  the  vector  sum  of  reflections  from  numerous  small  facets  of 
the  sea  surface  in  the  vicinity  of  the  geometrical  reflection  point.  The  height  relative  to 
mean  sea  level,  and  also  the  inclination  of  these  facets,  is  taken  to  vary  in  a  random 
manner,  giving  numerous  vectors  in  random  phase  and  amplitude,  and  a  Rayleigh  amplitude 
distribution  is  assumed  for  the  incoherent  component,  with  random  phase. 

A  Rayleigh  amplitude  distribution  may  be  resolved  into  two  orthogonal  Gaussian 
distributions  (Ix,  Iy  in  Figure  2)  having  equal  standard  deviations,  a  =  ctx  =  cry  ,  and 
zero  mean.  Beard3  and  Clarke2  discuss  this  assumed  equality,  =  ay  ,  which  is  not 
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physically  realised  under  all  conditions,  but  the  errors  involved  in  making  this  assump¬ 
tion  are  small  in  practice  compared  with  uncertainty  with  respect  to  h  ,  and  a  Rayleigh 
amplitude  distribution  is  assumed  here  for  the  vector  I.  The  mean  incoherent  power  is 
2cr2  and  Figure  4  (also  due  to  Beard)  shows  the  dependence  of  a  upon  the  Raleigh 
roughness  parameter  h0A  .  As  in  Figure  3,  the  ordinate  is  normalised  in  terms  of  Dp  . 

The  points  plotted  in  Figures  3  and  4  are  from  the  experiments  which  Beard  describes, 
which  were  made  across  the  Golden  Gate  in  California  and  between  two  drilling  rigs 
in  the  Gulf  of  Mexico.  The  roughness  parameter  was  varied  by  the  use  of  two  frequencies, 
in  X  and  Q  band,  by  variation  in  aerial  height,  and  by  natural  variations  in  the  sea 
state. 

3.  CALCULATION  OF  FADE  STATISTICS 

Figure  5  is  a  flow  diagram  for  the  calculation,  with  inputs  h  ,  0  and  \  .  h  is 
obtained  from  sea  measurement  in  an  experiment,  or  from  known  sea  state  statistics  in 
the  prediction  case;  for  example,  Hogben  and  Lumb4  have  published  extensive  data  for  all 
the  oceans. 

The  grazing  angle  < p  is  obtained  from  the  path  geometry  as  a  function  of  range  or 
time  as  desired,  taking  into  account  the  effect  of  earth  curvature. 

The  roughness  parameter  h0A  and  the  smooth  sea  reflection  coefficient  p  are  next 
found,  p  is  the  Fresnel  reflection  coefficient  dependent  upon  0  ,  \  ,  polarisation, 
and  the  electrical  constants  of  the  sea.  Graphs  of  values  are  available,  for  example 
Reference  5.  D'  ,  the  divergence  factor,  and  the  correction  to  the  flat-earth  value  of 
0  to  allow  for  earth  curvature  may  be  obtained  from  Millington6. 

The  quantities  rfa  and  sh  may  be  termed  "coherent”  and  "effective  incoherent”  ray 
amplitude.  They  are  derived  from  Figures  3  and  4,  being  defined  as 


C 


W2)a 


(2) 


The  total  coherent  amplitude  has  maximum  values  D  +  C  and  D-C(l  +  rh  and  1  -  rh 
since  D  is  considered  as  a  unit  reference  vector). 


Having  determined  the  effect  of  the  surface  reflection  on  the  vectors  C  and  I  , 
any  effect  of  aerial  misalignment  may  be  included;  it  is  shown  as  f(8)  in  Figure  5.  It 
is  convenient  to  retain  D  as  a  unit  reference  vector  and  multiply  sh  and  rh  by  the 
appropriate  factor  to  give  s'h  and  r'h  . 

The  coherent  and  incoherent  components  are  next  summed.  Norton7  has  fully  tabulated 
the  summation  of  a  constant  vector  with  a  vector  of  Rayleigh  amplitude  distribution,  and 
the  required  level  is  immediately  obtained  from  his  curves  in  terms  of  the  chosen  prob¬ 
ability  and  the  parameter  K  ,  the  ratio  of  incoherent  to  coherent  power.  For  the  peak 
to  trough  fading  range  calculation  outlined  in  Figure  5,  values  of  K  are  required  at 
the  maximum  and  minimum  of  the  coherent  fading  pattern. 


7,5,15  Kmax 


20  log10 


1  +  r\ 


and 


Kmin 


20  log10 


(3) 


(4) 
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"^max"  811(1  <<Tmin”  on  Fi6ure  5  are  thus  the  levels,  relative  to  free  space,  exceeded 
at  the  peak  of  the  coherent  fading  pattern  with  a  probability  of  5%  and  at  the  trough  of 
the  coherent  pattern  with  a  probability  of  95%,  and  these  values  enable  the  fading  envelope 
to  be  sketched  adequately  through  the  flight.  These  percentage  values  have  been  arbitrarily 
selected;  it  was  thought  that  they  would  be  appropriate  for  the  method  of  record  analysis 
described  below.  The  final  block  in  Figure  5,  “peak  to  trough"  fading,  is  included  since 
this  is  the  fading  parameter  obtained  in  the  experiments  to  be  described. 


4.  PRACTICAL  CALCULATION  METHOD 

i p  is  first  determined  in  terms  of  range  or  time,  using  Reference  6  to  correct  the 
flat-earth  value  of  0  for  earth  curvature  and  to  determine  the  divergence  factor.  Tables 
have  been  prepared  by  computer  to  give  rh  and  sh  from  h  ,  0  and  K.  Nominal  wavebands 
and  coarse  intervals  of  h  are  used  in  the  tables,  with  0  tabulated  in  0.  1°  intervals. 

The  effect  of  aerial  polar  diagrams,  misalignments  and  divergence  factor  upon  the  relative 
strength  of  direct  and  reflected  rays,  is  next  introduced  (t(8)  in  Figure  5)  to  modify 
rh  and  sh  .  Finally  Figure  6  summarises  the  remainder  of  the  calculation,  giving  a 
direct  reading  of  peak -to -trough  fading  (95%  to  5%  levels). 


5.  EXPERIMENTAL  CONFIRMATION 
5.  1  Test  Configuration 

Flying  tests  have  been  carried  out  using  similar  flight  profiles  on  several  frequencies 
at  a  coastal  site.  In  each  case  the  receiver  and  recording  equipment  was  on  a  cliff-top 
site  at  a  height  of  220  ft,  overlooking  the  sea.  The  transmitting  equipment  was  airborne, 
the  aircraft  flying  at  2000  ft  above  sea  level  and  flying  directly  out  to  sea  away  from 
the  receiver  to  a  range  of  15  to  20  miles.  Tests  were  made  at  400  MHz,  and  at  3  and  10 
GHz,  and  although  moderately  high  gain  receiving  aerials  were  used  at  the  receiver  the 
beamwidth,  about  12°  at  the  higher  frequencies,  was  such  that  the  sea  and  the  aircraft 
were  both  fully  illuminated.  Very  wide  beam  transmitting  aerials  were  used. 

Paper  chart  recordings  of  signal  strength  were  made  for  each  frequency,  and  Figure  7 
shows  four  samples  of  S  band  recordings  arranged  in  order  of  increasing  sea  roughness. 

The  "peak-to-trough”  fading  parameter  was  obtained  by  noting  the  highest  and  lowest  signal 
levels  within  a  period  covering  0.5  miles  of  flight  centered  upon  the  range  giving  the 
nominal  value  of  0  required.  Ideally  the  recordings  should  be  analysed  to  give  the 
probability  of  definite  high  and  low  signal  levels  being  exceeded,  but  this  was  not 
feasible  with  the  rapidly  changing  value  of  0  found  in  these  tests.  The  sea  state  was 
observed  on  each  occasion  but  no  instrumental  indication  of  sea  state  was  available  and 
the  quality  of  the  sea  state  data  is  not  good. 

5.2  Experimental  Results 

For  each  waveband  the  expected  peak  to  trough  fading  has  been  plotted  against  sea  state 
for  three  selected  values  of  grazing  angle,  and  the  observed  fading  at  these  0  values 
is  plotted,  on  the  curves  where  possible,  in  Figures  8,  9,  10.  This  presentation  allows 
computed  and  observed  values  to  be  compared  without  giving  much  weight  to  the  observed  sea 
state.  On  each  calculated  curve  the  observed  points  have  been  placed  where  their  ordinate 
value  is  correct,  in  order  to  show  what  sea  state  is  called  for,  theoretically,  to  give 
this  value.  The  points  on  each  curve  are  numbered  in  order  of  reported  roughness, 
beginning  with  the  smoothest  reported  sea  state. 

In  the  UHF  case  the  predicted  dependence  on  sea  state  is  so  slight  that  it  may  merely 
be  noted  that  the  points  for  those  s*:i"le  runs  which  were  classified  clearly  by  sea  state 
arc  in  reasonable  agreement  with  theory,  whilst  the  range  of  values  obtained  for  a  number 
of  other  runs  which  were  not  clearly  classified  for  sea  state  brackets  the  expected  value 


(Boxed  point  in  Figure  8).  The  general  values  at  S  band  (Fig.  9)  are  also  reasonably  close 
to  expectation  except  for  the  two  runs  at  the  smallest  grazing  angle.  The  X  band  points 
fit  the  calculated  curves  best.  The  boxed  points  are  median  values  for  a  number  of  runs 
with  different  instrumentation  but  with  the  same  path  geometry.  It  is  of  interest  to  note 
the  maxima  in  the  predicted  fade  curves  (Fig.  9  and  10)  for  the  smaller  grazing  angles. 
These  occur  at  higher  sea  states  for  longer  wavelengths.  The  smoothest  sea  is  thus  not 
necessarily  a  “worst  case"  for  fade  depth.  In  general  the  calculated  values  are  high  in 
each  waveband.  This  is  possibly  because  the  method  of  reading  the  charts  corresponded  to 
the  90%  to  10%  fading  range  rather  than  to  the  95%  to  5%  range.  With  this  adjustment  the 
general  range  of  sea  states  indicated  by  fitting  the  points  to  the  lines  is  much  more 
self-consistent  and  covers  the  range  of  sea  states  over  which  the  flights  were  made.  It 
is  clearly  unprofitable  to  pursue  the  sea  state  data  further  without  good  instrumental 
observations,  since  the  reported  sea  states  have  not  led  to  success  even  in  arranging  the 
runs  in  order  of  fade  depth.  The  boxed  points  on  the  X  band  curves  (Fig. 10),  which  are 
more  consistent  in  this  respect,  are  each  the  median  values  of  about  a  dozen  flights 
grouped,  for  sea  state,  into  smooth  and  not-smooth  sea. 


6.  CONCLUSION 

If  a  tolerance  of  even  a  decibel  is  allowed  on  the  individual  measurements  the  agreement 
between  observation  and  theory  is  quite  pcceptable  and  is  better  in  the  case  of  the  higher 
frequency  where  the  expected  effect  of  sea  roughness  is  greatest.  The  calculation  outlined 
may  thus  be  usefully  employed  to  predict  fading  probability  envelopes  for  propagation  over 
a  non- smooth  sea. 
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APERTURE  SYNTHESIS  IN  IONOSPHERIC  GROUND 
BACKSCATTER  RADAR 

by 

Professor  E.  D.  R.  Shearman  and  J.  Clarke 


Department  of  Electronic  and  Electrical  Engineering, 
University  of  Bii  mingham,  UK 


SUMMARY 


The  usefulness  of  backscatter  radars  for  observing  the  properties  of 
ionospheric  layers  over  a  large  geographical  area  are  at  present  limited  by 
the  great  size  needed  for  a  directional  array  of  narrow  beamwidth.  For  a 
1°  beam  at  15  MHz  a  1  km  aperture  with  some  100  elements  in  the  array  is 
needed.  The  present  proposal  is  to  use  two  aerials  only,  one  fixed  and  one 
moving  along  a  track,  to  record  the  time-averaged  product  of  the  two  received 
backscattered  signals  and  then  to  synthesise  by  computation  the  range/azimuth 
display  which  could  have  been  obtained  with  a  filled  broadside  array  the 
length  of  the  track. 

The  recording  of  time- averaged  product  as  a  function  of  range  and  aerial 
separation  is  made  photographically  in  the  form  of  density  variation  over  a 
two-dimensional  raster.  After  processing,  the  photographic  transparency  is 
put  in  a  multi-channel  one- dimensional  optical  Fourier  transformer  to  yield 
the  required  range/azimuth  map  of  ground  targets. 

Results  are  given  which  have  been  obtained  with  an  ultrasonic  model  using 
two  separable  transducers  under  water  to  detect  targets  illuminated  by  way  of 
reflection  at  the  rippled  surface  of  the  water. 
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APERTURE  SYNTHESIS  IN  IONOSPHERIC  GROUND 
BACKSCATTER  RADAR 

Professor  E.  D.  R.  Shearman  and  J.  Clarke 


1.  INTRODUCTION 

Rotating-aerial  backscatter  radars  with  plan  position  displays  have  proved  very  useful 
tools  for  observing  the  regular  and  irregular  variations  of  the  ionospheric  layers  over 
an  area  a  few  thousand  kilometres  across1,2.  The  typical  beamwidths  of  40°  or  so 
obtainable  with  Yagi  or  log-periodic  arrays  give  poor  resolution,  however,  and  narrower- 
beam  rotating  arrays  become  very  unwieldy3.  Sector- scanning  with  a  stationary  broadside 
array  permits  narrower  beamwidths4,  but  the  scale,  complexity  and  cost  of  such  an 
installation  can  be  seen  from  an  example;  for  a  1°  beam  at  15  Mllz,  a  1  km-long  broadside 
array  of  some  100  elements  is  needed. 

Radio  astronomers  presented  with  similar  difficulties  have  made  use  of  the  technique 
of  aperture  synthesis5 ,6,  in  which  high  angular  resolution  is  obtained  with  the  use  of 
two  simple  aerials,  moving  their  locations  so  as  to  occupy  different  relative  positions 
in  a  large  area  which  it  would  otherwise  be  necessary  to  fill  completely  with  physical 
elements.  The  unchanging  angular  distribution  of  the  incoming  radio  wave  flux  is  then 
computed  from  the  measurements,  the  process  being  somewhat  analogous  to  synthesising 
multiple  beams  in  a  beam-forming  matrix  attached  to  a  real  filled  array. 

The  purpose  of  the  present  paper  is  to  describe  work  on  a  synthetic  aperture  system 
for  backscatter  radar.  The  requirement  here  has  the  difference  that  the  synthesis  must 
be  completed  before  the  ionospheric  features  have  drifted  by  a  distance  comparable  with 
the  beamwidth  of  the  system,  a  time  of  the  order  of  5  or  10  minutes. 

The  work  has  reached  the  stage  at  which  a  sound- in-water  analogue  of  an  HF  backscatter 
radar  has  been  used  to  verify  the  theory  evolved  and  to  evaluate  the  performance  of  the 
electronic  and  optical  signal  processing  system.  Preliminary  radio  experiments  in  the 
field  are  now  beginning. 

An  account  of  earlier  experiments  with  the  ultrasonic  model  has  been  published  else¬ 
where7. 


2.  APERTURE  SYNTHESIS:  THE  BASIC  PRINCIPLE 

We  first  consider  a  complex  monochromatic  wave  field  incident  on  a  normal,  filled, 
linear  receiving  array.  Such  a  field  might  arise  from  a  distribution  of  transmitters  of 
common  frequency  around  the  sky,  (“coherent  radio  stars”),  or  from  backscattered  echoes 
from  complex  spatially-distributed  targets  illuminated  by  a  CW  radar.  The  field  will, 
in  general,  vary  along  the  array  in  amplitude  and  phase  as  determined  by  the  interference 
of  the  criss-crossing  waves  travelling  inwards  from  the  distant  transmitters  or  targets. 

Following  Ryle5  let  the  currents  set  up  at  typical  elements  m  ,  n  be  (v'2)^  cos  (wt  +  c^) 
and  (/ 2) I„  cos  (cot  +<£n)  when  terminated  in  a  matched  load  (In  ,  IR  being  the  root-mean-square 
values).  We  shall  represent  these  currents  by  the  phasor  quantities  (v'2)Ime^n,  (v/2)lDe^‘*>n1 
suppressing  the  common  time  factor  e^"4  and  the  implied  operator,  “take  the  real  part 
of”. 
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If  the  outputs  of  all  the  elements  in  the  array  are  taken  by  equal-length  cables  to  a 
receiver  matched  to  the  array  impedance,  then  the  receiver  current  is  given  by  the  sum  of 
the  phasor  element  currents, 

(v  2)l  =  £  (v  2)lneJ0n  , 

-r 

(The  common  phase  retardation  in  the  cables  has  been  suppressed. ) 

The  receiver  power  (assuming  the  receiver  to  be  of  unit  resistance)  is 


P  =  III2  =  I. I* 


+  r  +  r 

5Z  IneJ0"  •  5Z 
-r  n  -r 


(1) 


We  now  inspect  Equation  (1)  to  see  whether  we  could  have  calculated  the  same  power  from 
individual  measurements  of  the  element  currents.  We  note  that  Equation  (1)  may  be 
rewritten  as 


£  i; 


♦  £Z 

mfn 


I  I  eJ 
d  n 


-  *„> 


(2) 


The  first  term  in  Equation  (2)  is  merely  the  sum  of  the  powers  from  individual  elements. 
The  second  term  appears  at  first  sight  to  be  a  complex  quantity  and  therefore  not  meaning- 

J (0m-^n ) 

ful  as  power.  However,  we  note  that,  for  each  term  of  the  form  lie  “  "  ,  there  is  a 

ID  n 

j  (4>  )  -j  (<t>  -<t>  ) 

paired  term  of  the  form  I^e  n  0  ,  which  may  be  written  ImIne  111  n  Equation  (2) 

thus  becomes 


P  =  E  I*  +  [eJ 

n  m/n  m  n  L 


(*.  -  *n> 


+  e 


-jWm  - 


or 


P  =  E  i; 


n/n 


cos  (4>m  -  4>„) 
on  o  n 


(3) 


Thus  measurements  which  are  sufficient  to  calculate  the  total  power  which  would  be 
received  by  the  complete  array  can  be  made  by  moving  a  single  pair  of  elements  about, 
placing  them  successively  in  all  possible  relative  positions  (except  coincident),  and 
measuring  the  power  received  from  one  of  the  elements,  I2  ,  and  the  "cross-power”,  or 
scalar  product,  InIn  cos  (0  -  c ^)  ,  from  the  element-pair.  The  "cross-power”  may  be 
found  by  multiplying  the  two  currents  in  an  analogue  multiplier,  and  filtering  out  the 
unwanted  second  harmonic  term  (as  indicated  in  Figure  2). 

We  may  now  relax  the  condition  that  the  sources  are  coherent  since  the  phase  measurement 
is  of  relative  phase  between  elements  in  the  array,  ( <Pm  -  cpa)  .  Thus,  provided  the 

coherence  length  is  greater  than  the  array  length  and  the  signal  is  band-limited, 
measurements  of  the  quantities  in  Equation  (3)  taken  in  time  sequence  will  be  satisfactory. 

The  computation  process  necessary  to  find  the  distribution  of  sources  is  a  Fourier 
transformation  process  and  can  best  be  seen  from  Figure  1,  which  illustrates  an  incoherent 
plane  wave  of  mean  wavelength  k  incident  at  an  angle  6  on  an  aperture.  The  mean 
wavelength  of  the  field  distribution  along  the  aperture  is  X/sinf3  ,  and  for  this  single 
incident  wave  the  cross-power  of  spaced  elements  as  a  function  of  spacing  (autocorrelation 
function  of  the  aperture  field)  is  as  shown  in  Figure  1.  The  periodicity  of  the  sinusoidal 
function  is  \/sin(?  and  the  length  of  the  wave  packet  is  A/sin  8,  where  A  is  the 
coherence  length,  here  assumed  to  be  very  large. 
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To  find  the  direction  of  the  source,  therefore,  we  merely  identify  the  spatial 
frequency  sin  6  A  cycles/metre  arj.  thus  obtain  sin  6  by  multiplying  by  the  known  mean 
wavelength.  For  a  complex  incident  wavefield  we  must  first  Fourier  analyse  the  complicated 
autocorrelation  function  into  its  Sinusoidal  components  and  multiply  the  spatial  frequencies 
by  \  to  obtain  the  incident  angular  power  spectrum  (or  angular  distribution  of  the 
sources  F(s)  as  a  function  of  s  =  sin#).  This  is  the  process  of  aperture  synthesis. 

A  factor  glossed  over  above  is  that  the  form  of  the  real  autocorrelation  function 
depicted  in  Figure  1  is  the  same  for  waves  incident  from  left  and  right  of  the  normal. 

To  resolve  this  ambiguity  the  imaginary  part,  2  Ifflln  sin  (0m  -  <£n)  ,  of  the  complete 
complex  autocorrelation  function  must  also  be  measured  and  the  Fourier  transformation 
carried  out  on  this  complex  function. 


3.  IONOSPHERIC  RADAR  SYSTEM 

Vertical  movements  in  the  ionosphere  cause  the  echoes  of  a  ground  backscatter  radar  to 
be  partially  coherent  in  nature  and,  because  of  this,  the  above  two-transducer  method  of 
aperture  synthesis  is  suggested  rather  than  a  single-transducer  method  possible  with  a 
coherent  wavefield8.  The  proposal  of  the  authors  is  as  follows:  A  radar  transmitter  uses 
a  wide  beamwidth  aerial  which  "floodlights"  the  surveyed  area  with  HF  pulses.  Two  aerials 
are  used  for  reception,  one  fixed  and  one  movable  along  a  track  hundreds  of  meters  in 
length.  The  receiver  beamwidths  will  also  be  large  in  order  to  "see”  the  whole  of  the 
illuminated  area.  Ideally,  to  form  the  spatial  autocorrelation  function  of  the  aperture 
field,  the  signals  received  on  the  two  receiving  aerials  should  be  multiplied  together 
and  the  product  averaged  over  all  space  for  the  particular  aerial  separation  considered. 
Since  the  incident  field  is  not  coherent  it  is  permissible  to  time-average  the  product 
instead,  and  this  forms  the  spatial  autocorrelation  function.  The  averaging  time  necessary 
to  produce  a  reasonably  accurate  approximation  to  the  autocorrelation  function  sets  a 
minimum  time  for  the  synthesis  period. 

The  autocorrelation  function  is  recorded  on  photographic  film.  This  is  accomplished 
by  using  the  correlator  output  signal  to  intensity-raodulate  a  cathode  ray  tube  spot  about 
some  bias  brightness,  and  photographing  the  face  of  the  tube.  The  spot  of  the  CRT  is 
swept  vertically  in  synchronism  with  the  transmitted  pulse  to  sort  the  information  with 
respect  to  the  range  of  the  echo,  and  is  swept  slowly  horizontally  in  exact  synchronism 
with  the  separation  of  the  aerials  to  record  the  correlation  function  against  separation. 
The  receiving  system  thus  has  the  form  indicated  in  Figure  2. 

An  analysis  of  the  above  system  shows  that  the  information  on  the  film  is  the  one¬ 
dimensional  Fourier  transform  of  the  radar  echo  pattern  (one-dimensional  since  no  trans¬ 
formation  has  taken  place  in  the  range  direction).  Discrete  targets  (“lines"  in  the 
angular  spectrum)  give  rise  to  fringes  of  a  particular  periodicity  on  the  record.  The 
inverse  transformation  can  be  performed  fairly  easily  in  an  optical  data  processor  and 
the  radar  map  is  produced.  The  film  from  the  camera  is  developed  to  produce  a  transparency 
and  this  is  then  placed  in  the  parallel,  monochromatic,  coherent  beam  of  light  of  the 
data  processor.  The  processor  comprises  little  more  than  one  spherical  lens  and  one 
cylindrical  lens  and  the  output  consists  of  a  light  distribution  in  the  plane  giving 
imaging  in  the  range  co-ordinate  and  Fourier  transformation  in  the  separation  co-ordinate. 
This  is  the  syntnetic  aperture  radar  map  of  range  versus  sin  P  .  (The  optical  method 
has  similarities  to  that  used  by  Cutrona  et  al8,  in  side- looking  airborne  radar,  though 
avoiding  the  complications  introduced  by  near-field  operation.) 


4.  EXPERIMENTAL  WORK 

At  the  University  of  Birmingham  an  ultrasonic  model  of  a  synthetic  aperture  radar 
system  has  been  built  which  employs  a  carrier  frequency  of  1  MHz  in  water.  Figure  3 
shows  results  obtained  for  the  case  of  two  point  targets  present.  Figure  3(a)  shows  the 


field  of  view  and  aerial  configuration,  and  Figure  3(b)  the  corresponding  film  picture 
taken  of  the  CRT  face,  where  the  correlation  function  for  each  target  can  be  seen.  To 
overcome  the  bearing  ambiguity  problem  mentioned  above  the  correlation  function  is 
translated  in  frequency  before  recording  thus  avoiding  the  necessity  for  recording  real 
and  imaginary  functions.  (This  frequency  translation  is  achieved  by  the  continously- 
rotating  phase  shifter  shown  in  Figure  2).  When  the  transparency  is  processed,  the  *)nap'’ 
shown  in  Figure  3(c)  is  obtained.  The  map  is  that  distribution  within  the  white  rectangle, 
the  other  features  of  the  display  are  a  bright  distribution  of  light  (b)  on  the  axis  of 
the  data  processor  and  a  mirror  image  (m)  of  the  radar  map  to  the  left  of  this  axis.  The 
displacement  of  the  map  from  the  data  processor  axis  is  a  direct  result  of  frequency- 
translating  the  correlation  function  before  recording.  In  the  map  the  two  targets  can 
clearly  be  seen  at  the  bearing  and  range  appropriate  to  each. 

An  important  factor  in  the  application  of  this  system  to  ionospheric  backscatter 
sounding  is  clearly  the  nature  of  the  partial  coherence  of  the  target  returns  and  the 
effect  of  averaging.  Ionospheric  measurements  have  shown  the  oblique  signals  reflected  at 
parts  of  the  ionosphere  separated  by  some  kilometres  (as  are  the  returns  from  ground 
targets  in  neighbouring  beamwidths  of  the  above  radar  system)  to  be  phase- incoherent  over 
a  time  scale  of  a  few  seconds.  This  is  sufficient  to  achieve  the  necessary  phase 
averaging. 

The  ultrasonic  analogue  has  been  used  to  simulate  this  effect  by  reflecting  the 
transmitted  and  received  signals  internally  at  the  surface  of  the  water  in  the  tank.  The 
sonar  transducers  are  placed  near  the  bottom  of  the  tank  pointing  obliquely  upwards  and 
the  rippled  surface  of  the  water  simulates  the  wrinkled,  drifting  reflecting  surface  of 
the  ionosphere,  reflecting  the  signals  to  and  from  the  targets,  located  near  the  floor  at 
the  other  end  of  the  tank. 

Figure  4  shows  two  targets  clearly  resolved  with  this  arrangement  with  no  spurious 
target  returns  evident.  Figure  5  shows  a  "distributed  target",  actually  a  row  of  five 
point  targets  which  have  in  fact  not  been  placed  close  enough  and  have  been  partially 
resolved. 


5.  CONCLUSIONS 

Hie  ultrasonic  analogue  of  the  proposed  synthetic  aperture  ionospheric  radar  has 
verified  the  predicted  performance  is  resolving  multiple  targets  reflected  by  way  of  a 
rippled  surface.  Preliminary  radio  experiments  at  20  MHz  are  now  in  progress  in  prepara¬ 
tion  for  the  construction  of  a  synthetic  aperture  array,  of  j  to  1  km  length,  with  a 
synthesis  time  of  the  order  of  5  minutes. 
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Fig.  3  ■  Signal  processing  sequence 


Fig.  4  Two  targets  in  model 


Fig.  5  Distributed  target  in  model 
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COURTE  NOTE  SUR  LES  ECHOS  2  x  F  DIFFUS  OBSERVES  A  DJIBOUTI 

A.M.  Bourdila  et  J.  Odoux 


Les  ionogrammes  zenithaux  de  la  station  franqaise  de  Djibouti 
presentent  quotidiennement  des  traces  diffuses  correspondant  aux 
par  la  couche  F  (2  »  F),  sans  que  la  trace  1  x  F  soit  affeetee 
la  nature  du  phenomene  (cause  technique,  diffusion  par  le  sol  ou 
la  Division  des  Previsions  Ionospheriques  du  CHET  a  effectue  une 
1964.  (TR5  =  6  a  22). 


( 11°31 '  N.  42°50 '  E), 
echos  reflechis  deux  fois 
(Fig.  1).  Afin  de  determiner 
diffusion  ionosphe'rique), 
e'tude  statistique  de  1*  annee 


2. 


La  Figure  2  presente  les  pourcentages  d’ apparition  du  phenomene  decrit  ci-dessus,  en 
fonction  de  l’heure,  et  pour  les  12  mois  de  1’ anne'e  1964.  Sur  ces  graphiques,  1’ influence 
de  1’  heure  et  de  la  saison  apparait  nettement.  En  ete,  deux  maximums  sont  mis  en  evidence, 
l’un  k  08  h. 00  1’ autre  entre  16  et  22  h.00.  Au  mois  d’octobre.  1’ aspect  de  la  courbe  change, 
et  il  apparait  un  troisieme  maximum,  vers  13  h.00,  que  1’ on  retrouve  l’hiver,  en  novembre  et 
decembre.  Au  solstice  de  printemps,  du  mois  de  mars  au  mois  d’ avril,  la  courbe  reprend 
1’  aspect  qu’  elle  presente  en  ^te. 

II  parait  done  certain  que  le  phenomene  ne  peut  etre  attribue,  ni  k  une  cause  technique, 
ni  a  la  diffusion  par  le  sol  seule,  laquelle  ne  pourrait  avoir  qu’ un  effet  permanent. 

L’  influence  de  1’  ionosphere  est  done  bien  mise  en  evidence. 


3. 


La  Figure  3  presente  les  coupes  schematiques,  dans  les  plans  verticaux  Nord-Sud  et 
Est-Ouest  d’ une  surface  d’ egale  densite  electronique  dans  la  couche  F  ,  estimee  d’ apres 
les  cartes  d’ ionisation  de  W.B.  Jones  et  R.  Gallet  pour  un  indice  d’ activite  solaire 
R12  =  0  et  pour  6  mois  caracteristiques l.  En  juin  (13  h.00)  et  Janvier  (23  h.00),  le 
2  x  F  diffus  est  peu  frequent,  et  1’ on  voit  qu’ au  dessus  de  Djibouti,  la  pente  de 
1’  ionosphere  est  faible. 

Au  contraire,  en  mai  (07  h.00  et  17  h.00)  et  decembre  (07  h.00  et  13  h.00),  le  phenomene 
est  tres  frequent  (Fig.2)  et  1’ on  voit  que  1’ ionosphere,  au  dessus  de  Djibouti,  presente  une 
pente  importante,  soit  Est-Ouest  (a  07  h.00),  soit  Nord-Sud  (en  mai  17  h.00  et  decembre 
13  h.00). 

Bien  que  quelques  reserves  doivent  etre  faites,  du  fait  du  caractere  sommaire  du  trace 
de  ces  coupes  ionospheViques,  il  serable  cependant  que  1’ on  puisse  lier  1’ apparition  du 
2  x  F  diffus  a  la  presence  d’ une  pente  de  1’ ionosphere  au  dessus  de  la  station  de  sondage. 


4. 


Pour  les  mois  de  mai  (17  h.00)  et  decembre  (13  h.00),  on  peut  expliquer  le  phenomene 
sans  faire  intervenir  la  diffusion  par  le  sol,  ainsi  qu’ on  peut  le  voir  sur  la  Figure  4. 
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A  07  h.OO,  le  schema  de  la  Figure  4  ne  s’ applique  plus.  La  pente  maximum  de  1’ ionosphere 
etant  alors  Est-Ouest,  le  point  de  reflexion  speculaire  au  sol  du  bond  2  x  F  se  trouve  alors 
sur  la  mer,  dans  le  golfe  d’Aden.  On  peut  alors  penser  ,que  la  retrodiffusion  sur  la  mer 
agitee  (houle  des  vagues),  puisse  etre  en  partie  responsable  du  2  x  F  diffus  (Fig. 5). 

Cependant,  nul  n’ ignore  que  la  structure  de  1’  ionosphere,  du  lever  du  soleil,  n’ est  pas 

aussi  simple  que  cexle  que  1’ on  a  representee  sur  la  Figure  5,  et  les  mesures  d’ effets 

Doppler,  en  particulier,  presentent  des  oscillations  qui  traduisent  sans  doute  1’ existence 
de  ‘vagues’  d’ ionisation  en  mouveraent,  lesquelles  peuvent  etre,  elles  aussi,  a  l’origine 
du  2  x  F  diffus,  suivant  le  processus  decrit  par  la  Figure  4.  On  notera  enfin  qu’  aucune 
influence  notable  de  1*  activite  magnetique  n’  a  pu  etre  mise  en  evidence. 
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Ionogramme  zenithal  enregistre  a  la  station  d’ Arta  (Djibouti),  le  11  juillet  1964 

a  07  h.58  (temps  du  fuseau) 
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1.2.  Pourcentage  P  d’ apparition,  a  Djibouti,  d’une  trace  diffuse  sur  le  deuxieme  echo- 
seul,  en  fonction  de  1’ heure  locale,  et  pour  les  12  mois  de  1*  annee 
1964  (activite  solaire:  IR,  =  6  a  22) 


Pig. 3. 


Coupes  schematique  de  la  cavite  terre-ionosphere,  dans  le  plan  vertical  Nord-Sud 
(20°  N  a  0°  S)  et  dans  le  plan  vertical  Est-Ouest  (30°  E  k  60°  E), 
montrant  les  pentes  de  1’ ionosphere,  pour  6  mois  et  heures  de 
1’ annee.  La  station  de  Djibouti  est  indiquee  par  la  lettre  D 
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SUMMARY 


The  paper  gives  a  survey  on  the  scattering  parameters  in  the  turbid 
atmosphere.  In  particular  the  role  of  the  aerosol  particles  are  described: 
size  distribution,  structure  and  refractive  index.  The  behaviour  of  the 
atmospheric  aerosol  and  the  scattering  of  higher  orders  are  problems  which 
cannot  be  neglected  in  the  consideration  of  scattering  processes  in  the 
atmosphere.  Some  of  them  are  not  yet  solved. 
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SCATTERING  OF  ELECTROMAGNETIC  RADIATION  BY 
PARTICULATE  SUSPENSIONS  IN  THE  ATMOSPHERE 


Kurt  Bullrich 


1.  INTRODUCTION 

The  electromagnetic  radiation  which  is  emitted  by  the  sun,  the  moon,  the  stars  and 
artificial  terrestrial  light  sources  undergoes  modification  while  passing  through  the  at¬ 
mosphere,  owing  to  absorption  and  scattering  processes.  The  effects  of  these  processes 
are  (i)  the  extinction,  i.e.  the  attenuation,  of  this  radiation  and  (ii)  the  deflection 
from  the  direction  in  which  the  incident  radiation  was  advancing.  In  the  case  of  absorp¬ 
tion,  absorbent  gases  in  the  atmosphere  convert  radiant  energy  into  heat  in  specific 
wavelength  ranges.  This  energy  may  appear  again  as  infrared,  i.e.  longwave  radiation. 

In  the  case  of  scattering,  however,  the  light  is  only  deflected  from  its  original  direct¬ 
ion  of  propagation  so  that  the  amount  of  its  total  energy  can  be  reproduced  by  measure¬ 
ments  at  various  so-called  scattering  angles.  A  good  example  is  the  visible  scattered 
radiation  outside  the  water  vapour  absorption  bands,  which  is  propagated  in  all  directions 
of  the  atmosphere  almost  without  undergoing  absorption.  A  portion  of  the  incident  radi¬ 
ation  reaches  the  observer  directly  or  is  scattered  towards  him,  another  portion  reappears 
as  sky  radiation  or  diffuse  radiation  scattered  by  the  clouds,  and  the  rest  is  scattered 
into  space. 


2.  THE  GASEOUS  ATMOSPHERE 

We  now  consider  the  scattering  processes  within  the  atmosphere.  Of  course,  the  quest¬ 
ion  arises  of  the  constituents  of  the  scattering  medium  which  is  called  the  atmosphere, 
most  of  which  are  gases.  This  gaseous  proportion  is  called  the  molecular  atmosphere  be¬ 
cause  in  it  the  incident  electromagnetic  radiation  is  scattered  exclusively  by  gas  mole¬ 
cules.  The  mean  state  of  the  gaseous  atmosphere  is  well  known.  However,  the  variations 
of  its  temperature,  i.e.  of  its  density,  must  be  taken  into  account.  This  includes  vari¬ 
ations  in  time  as  well  as  in  the  vertical  distribution.  Many  meteorological  computations 
are  based  upon  the  hypothesis  of  the  homogeneous  atmosphere  without  biasing  the  results 
unduly.  The  vertical  extent  of  the  homogeneous  atmosphere  is  approximately  8  km  and  the 
hypothesis  is  made  that  the  density  is  constant  with  height.  The  molecular  atmosphere  may 
be  assumed  to  be  almost  isotropic.  Its  molecules  are  nearly  spherical  and  their  spatial 
distribution  is  independent  of  direction.  The  individual  molecules  are  so  far  from  each 
other  that  no  phase  relationship  of  their  scattered  radiation  exists. 


3.  THE  AEROSOL 

Solid  and  liquid  or  two-phase  particles  are  suspended  in  the  gaseous  atmosphere.  They 
also  scatter  the  incident  electromagnetic  radiation.  This  suspension  is  called  the  at¬ 
mospheric  aerosol  and  the  aerosol  particles  alone  represent  the  haze.  The  precipitation 
elements  are  excluded.  The  aerosol  particles  play  an  important  role  in  the  scattering 
processes  of  the  atmosphere,  although  their  proportion  of  concentration  is  less  than  that 
of  the  gaseous  phase  by  several  powers  of  ten. 


4.  AEROSOL  PARTICLE  SIZE  DISTRIBUTION 


If  the  molecular  atmosphere  alone  is  considered,  it  is  sufficient  to  know  the  number 
of  molecules  per  cubic  centimetre  for  the  turbid  atmosphere;  however,  it  is  necessary  to 
know  not  only  the  number  of  aerosol  particles  per  cubic  centimetre  but  also  their  radii, 
in  order  to  assess  their  effects.  During  the  last  15  years  numerous  investigations  into 
the  aerosol  particle  size  distribution  have  been  carried  out.  Figure  1  shows  a  size 
distribution  which  was  first  measured  by  Junge  1  in  1952  and  which  is  typical  for  Central 
Europe.  The  abscissa  shows  the  radius  on  a  logarithmic  scale,  the  ordinate  shows  the 
particle  number  per  cubic  centimetre  referring  to  the  radius  range,  d  log  r.  The  particle 
numbers  vary  within  a  range  covering  8  powers  of  ten,  and  the  radii  of  the  particles  vary 
within  a  range  covering  3  to  4  powers  of  ten.  Jaenicke2  has  measured  particles  up  to 
150  fi  .  An  upper  limitation  was  not  evident.  The  explanation  of  the  existence  of  the 
coarse  particles  of  mainly  mineral  origin  is  still  pending. 

There  is  a  better  insight  into  the  nature  of  the  lower  limitation,  which  is  due  to  the 
genesis  of  the  particles.  The  fairly  continuous  decrease  might  be  due  to  the  statistical 
distribution  of  the  variety  of  aerosol  sources  which  contribute  to  the  formation  of  the 
natural  atmospheric  aerosol. 

This  size  distribution  is  expressed  by  the  equation 


dN(r) 
d  log  r 


cd  r 


-  V* 


(1) 


The  exponent  v*  varies  within  the  range  2.5  to  4.  If  it  is  2.5,  the  proportion  of  large 
aerosol  particles  is  great;  if  it  is  4,  the  proportion  of  small  aerosol  particles  is 
great.  Figure  2  shows  also  the  volume  distribution  of  the  particles.  It  is  identical 
with  a  mass  distribution  under  the  assumption  that  the  exponent  v*  -  3  and  the  density  is 
constant.  However,  direct  and  optical  radiation  measurements  have  revealed  noticeable 
deviations  from  this  relationship.  Figure  1  shows  that  the  size  distribution  over  the 
oceans  differs  from  that  over  the  continents.  The  sea  salt  particles  are  characterised 
by  smaller  concentrations  and  smaller  radii.  But  deviations  have  been  also  found  over 
the  continents.  Figures  3  and  4  show  some  of  these  types  of  deviations  in  the  measure¬ 
ments  taken  by  Fenn3  in  the  USA  and  Jaenicke4  on  Maui,  Hawaii. 


5.  REGIONAL  AND  VERTICAL  DISTRIBUTION  OK  THE  AEROSOL  PARTICLES 

Particle  numbers  of  the  order  of  magnitude  of  105/cubic  centimetre  are  measured  in 
densely  populated  areas.  From  these  source  regions  the  particles  spread  out  over  the 
entire  globe  so  that,  including  the  regions  which  are  not  influenced  by  human  activity, 
the  measurements  yield  particle  numbers  of  the  order  of  102. 

The  decrease  in  the  particle  number  with  height  is  not  fully  known  yet.  A  rapid  de¬ 
crease  with  height  up  to  about  5  km  can  be  observed,  then  the  number  remains  constant  up 
to  the  stratosphere.  There  is  evidence  of  the  existence  of  an  aerosol  layer  at  a  height 
of  about  20  km  (±3  km),  which  is  subject  to  an  annual  variation  and  the  height  of  which 
depends  on  the  geographical  latitude.  It  is  worth  mentioning  that  the  variation  with 
height  does  not  refer  only  to  the  number,  but  also  to  the  size  distribution  of  the  aerosol 
particles.  Furthermore,  the  existence  of  an  accumulation  of  particles  at  a  height  of  80 
km  is  evident.  The  existence  of  a  dust  layer  at  a  height  of  40  km  seems  probable. 


6.  STRUCTURE  OF  THE  AEROSOL  PARTICLES 

The  mixed  structure  is  one  of  the  most  important  features  of  the  aerosol  particles; 
this  is  also  true  of  their  chemical  composition.  As  aerosol  particle  consists  of  various 


constituents,  which  might  be  soluble  or  insoluble  on  the  one  hand  and  organic  or  inorganic 
on  the  other  hand.  This  mixed  structure  is  due  to  the  formation  of  the  particles.  Small 
particles  may  result  from  the  condensation  and  sublimation  of  various  combustion  products 
which  are  due  either  to  natural  events  or  human  activity;  these  small  particles  coagulate 
and  agglomerate.  It  also  happens  that  the  products  of  chemical  reactions  of  trace  gases 
come  in  contact  with  the  aerosol  particles,  thus  changing  their  composition  and  expediting 
their  mixed  structure.  The  aerosol  particles  can  be  roughly  broken  down  into  three  groups; 

Inorganic  and  insoluble  in  water,  about  60%, 

Organic  and  insoluble  in  water,  about  15%  , 

Inorganic  and  water-soluble,  about  25%  . 

S04  originates  when  S02  is  transformed  into  sulphuric  acid  by  means  of  oxidation,  either 
in  a  photochemical  process  or  on  cloud  droplets,  so  that  positive  hydrogen  ions  are  always 
present  in  the  aerosol.  The  life-span  of  the  aerosol  particles  is  about  4  weeks.  This 
time  is  sufficient  for  a  worldwide  spreading  of  the  particles  from  out  of  the  continents. 


7.  REFRACTIVE  INDEX  m  OF  THE  AEROSOL  PARTICLES  WITH  REFERENCE  TO  AIR 

The  refractive  index  is  a  material  property  of  the  aerosol  particles.  Thus  it  must  be 
known  for  interpreting  the  processes  of  radiation  scattering  in  the  atmosphere,  but  it  is 
difficult  to  determine  its  amount.  First,  knowledge  of  the  chemical  composition  of  the 
aerosol  particles  is  very  inadequate  so  far;  secondly,  the  mixed  structure  of  the  aerosol 
particles  is  a  handicap  in  determining  their  refractive  index;  thirdly,  m  varies  as  a 
function  of  the  relative  humidity.  In  1966,  Hanel5*  *  found  a  method  of  measuring  the  re¬ 
fractive  index  at  various  relative  humidities.  These  results  are  presented  in  Figure  5. 
It  can  be  seen  that  the  refractive  index  varies  within  the  values  !.  67  and  1.33  (water) 
according  to  the  variation  of  the  relative  humidity. 


8.  SCATTERING  OF  RADIATION  IN  THE  MOLECULAR  ATMOSPHERE 


As  a  physical  explanation  of  blue  sky.  Lord  Rayleigh  put  forward  his  theory  of  the 
primary  scattering  of  radiation  in  the  molecular  atmosphere  which  is  free  of  haze.  There 
fore,  the  latter  is  often  called  the  Rayleigh  atmosphere.  Rayleigh  has  expressed  the 
scattering  coefficient  under  the  condition  that  r  is  much  smaller  than  A.  as 


aR(\) 


32773(m  -  1)? 
2N\“ 
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where  m  is  the  refractive  index,  N  the  number  of  molecules  per  cubic  centimetre  and  A  is 
the  wavelength.  This  is  the  well  known  Rayleigh’s  law,  which  says  that  the  scattering 
coefficient  varies  inversely  with  the  fourth  power  of  the  wavelength. 


Furthermore,  it  must  be  remembered  that  the  02  and  N2  molecules  are  not  spherical. 
Therefore,  the  so-called  anisotropic  coefficient  has  to  be  applied.  Hasten7  recently 
gave  new  values.  Under  normal  pressure  at  \  =  0.55  M  ,  ctr  results  in  a  visual  range  of 
390  km,  using  Koschmieder' s  formula.  The  angular  dependence  of  the  scattered  radiation 
in  a  molecular  atmosphere  is  expressed  by  a  scattering  function 


fR(0)  =  — - (1  +  cos20)  ,  (3) 

*  1677  crR(\) 

where  4>  is  the  scattering  angle.  This  functional  relationship  implies  that  as  much  energy 
is  scattered  into  the  forward  hemisphere  of  space  as  into  the  backward  one. 


It  became  apparent  that  Rayleigh’s  Law  did  not  give  the  full  explanation  for  the  dis 
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tribution  of  the  radiance  of  the  sky,  for  two  reasons: 

(a)  scattering  by  aerosol  particles  has  been  neglected, 

(b)  scattering  of  higher  orders  has  been  neglected. 

It  is  possible  that  a  beam  of  light  does  not  reach  the  observer  until  after  it  has 
undergone  multiple  scattering  as  well  as  reflection  by  the  ground.  In  the  early  fifties, 
Chandrasekar  forwarded  a  theory  which  enables  one  to  compute  the  scattering  of  higher 
order.  The  results  were  published  in  tabular  form  by  Coulson,  Dave  and  Sekera8  in  1960. 

However,  these  values  do  not  agree  with  the  observations  either.  Even  in  areas  which 
are  far  away  from  any  aerosol  particle  source  region,  e.g.  in  Greenland,  aerosol  particles 
have  been  detected  by  means  of  optical  radiation  measurements.  And  in  densely  populated 
areas  the  scattering  due  to  aerosol  particles  is  predominant.  Therefore,  it  was  essential 
to  look  for  physical  and  mathematical  ways  of  finding  an  approximation  for  the  various 
types  of  aerosol  particles  and  their  scattering  coefficient  oA  .  However,  there  are  still 
many  problems  in  this  field. 


9.  SCATTERING  COEFFICIENT  OF  THE  AEROSOL  PARTICLES 


In  1908  Mie  derived  integro-differential  equations  in  order  to  compute  the  angular- 
dependent  intensities  of  radiation  scattered  by  spherical  particles,  the  radii  of  which 
are  assumed  to  be  of  a  size  comparable  with  the  wavelength  of  the  incident  electromagnetic  radi¬ 
ation.  These  equations  include  the  Rayleigh  scattering.  They  can  be  solved  only  if  the 
quantitative  values  of  both  the  size  parameter,  a  =  2nr/k,  and  the  refractive  index  m 
are  known.  For  values  of  m  ranging  between  1.33  and  1.486,  the  so-called  scattering 
cross-sections  have  been  computed  by  several  authors,  Penndorf,  Giese  et  al9.  The  scat¬ 
tering  cross-section  is  expressed  as 


K(a) 
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Some  results  are  presented  in  Figure  6.  It  can  be  seen  that  small  variations  in  m  result 
in  the  shifting  of  the  periodic  oscillations  of  x  (a)  . 


We  have  seen  from  the  Figure  1  that  the  atmosphere  contains  aerosol  particles  of  diffe 
rent  sizes.  The  size  interval  ranges  approximately  from  r  =  0.04  ft  up  to  r  =  150  y.  . 

This  means  that  the  numerical  values  of  x  (a)  have  to  be  computed  by  the  Mie  theory  for 
this  size  range.  This  could  not  be  done  until  electronic  computers  of  great  capacity 
were  available.  Figure  6  shows  the  values  of  k  (a)  from  a  =  0  up  to  a  =  159,  for  the 
case  m  =  1.5,  corresponding  to  the  particle  size  range  of  the  radii  from  zero  to  10  fx  . 

For  a  volume  of  1  cubic  centimetre  of  air,  the  scattering  coefficient  is  modified  to 


cA(r, k)  -  aA(r,\)  dN(r)  , 
where  dN(r)  oc  cr~l'*d  log  r  or  dN(r)  a  0.434  r'(l/*+1^dr  . 
Integration  taken  over  all  the  radii  r  leads  to 

a'(\)  =  0.434 
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Substitution  with 
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2"nr 

~k 


and  k( a) 


aA(r,k)/r2v 


gives  Equation  (6)  which,  in  addition,  gives  the  tabulated  values  of  *(g). 


For  both  the  air  molecules  and  the  aerosol  particles  the  scattering  coefficient  reads 


°R  +  °A  = 


(D 


It  can  be  seen  that 


a'  k  k2"1'*  .  (8) 

This  implies  that,  for  v*  -  3,  the  scattering  coefficient  of  the  aerosol  particles  is 
inversely  proportional  to  the  wavelength  k  .  Previously,  we  have  seen  that  in  the 
molecular  atmosphere  the  scattering  coefficient  is  inversely  proportional  to  the  fourth 
power  of  the  wavelength  A.  . 

If  the  scattering  coefficient  is  to  refer  to  the  whole  atmosphere,  it  is  necessary  to  in¬ 
tegrate  over  the  vertical  distribution. 


10.  THE  SCATTERING  FUNCTION  OF  THE  AEROSOL  PARTICLES 

The  method  of  determining  the  scattering  function  is  analogous  to  the  method  of  deter¬ 
mining  the  scattering  coefficient.  Figure  7  gives  an  example  of  the  intensities  of 
scattered  radiation  which  have  been  computed  by  the  Mie  theory  for  the  scattering  argles 
from  0°  up  to  180°  and  for  various  values  of  a  .  The  abscissa  shows  the  values  of  a  , 
and  the  ordinate  represents  one  of  the  two  components  of  the  polarised  scattered  radiation 
on  a  logarithmic  scale  for  4>  =  90°.  The  large  variations  with  a  are  smoothed  away  by 
the  integration  over  a  .  This  integration  must  be  taken,  as  before,  over  all  the 
values  of  a  which  correspond  to  the  radii  of  all  the  aerosol  particles  occurring  in  the 
atmosphere.  Then  the  scattering  function  is  transformed  into 
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shown  in  Figure  8.  Its  form  differs  considerably  from  that  of  the  air  molecules.  The 
limiting  radii  and  the  refractive  index  have  to  be  taken  into  account.  Figure  9  shows 
the  strong  influence  of  the  real  and  imaginary  part  of  the  refractive  index  of  the 
aerosol  particles  on  the  scattering  function. 


For  both  the  air  molecules  and  the  aerosol  particles  the  scattering  function  is 


fR(0)  +  fA(</>)  =  U4>)  .  (10) 

If  the  investigation  is  restricted  to  an  air  volume,  the  theoretical  values  of  the 
scattering  coefficient  and  the  scattering  function  agree  fairly  well  with  the  measure¬ 
ments  (Bullrich10). 


11.  RATIO  OF  RAYLEIGH  SCATTERING  TO  TOTAL  SCATTERING 

This  ratio  depends  very  much  on  the  number  of  aerosol  particles  in  the  atmosphere  and, 
of  course,  it  also  depends  on  the  wavelength.  Figure  10  gives  an  example  for  =  2.5 
and  various  visibilities.  The  relationship  between  the  scattering  coefficient  cr’  and 
the  visibility  V  is 


cr'  =  3.91:  V; 


(ID 


thus,  the  scattering  coefficient  can  be  expressed  in  terms  of  the  visibility.  For  large 
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visibilities  molecular  scattering  predominates  in  the  short-wave  portion  of  the  visible 
spectrum,  in  the  scattering  angle  range  from  120°  to  150°,  with  7%  of  the  total  energy, 
whereas  forward  scattering  is  the  domain  of  the  aerosol  particles10. 


12.  SCATTERING  OF  HIGHER  ORDER  IN  THE  TURBID  ATMOSPHERE 

The  scheme  of  the  scattering  of  higher  order  has  already  been  demonstrated  for  the 
molecular  atmosphere.  For  the  aerosol  particles  in  the  turbid  atmosphere,  the  scheme  is 
the  same;  however,  no  exact  method  of  computation  has  been  found  so  far.  An  approximation, 
which  cannot  be  explained  in  full  detail  here,  has  been  put  forward  by  de  Bary11;  this 
procedure  gives  at  least  the  order  of  magnitude  of  the  influence  of  the  scattering  of 
higher  order.  Heger12,13  has  provided  values  of  the  influence  of  secondary  scattering. 
Figure  11  shows  the  ratio  of  the  sky  radiation  due  to  primary  scattering  to  the  sky  radi¬ 
ation  due  to  secondary  scattering  for  a  specific  turbidity,  solar  elevation  and  wavelength. 
Obviously,  the  secondary  scattering  has  a  great  influence  on  the  sky  radiance.  Thus, 
scattering  of  higher  order  must  not  be  neglected  in  the  consideration  of  scattering 
processes  in  the  atmosphere. 


13.  POLARISATION  PHENOMENA 

All  the  considerations  on  the  scattering  of  incident  radiation  in  the  atmosphere, 
given  previously,  apply  separately  for  both  the  polarised  components  i:  and  i2,  or  ir  and 
ij,  respectively.  It  is  known  that  the  complete  investigation  into  the  scattering  pro¬ 
cesses  in  the  atmosphere  requires  the  computation  or  the  measurement  of  the  four  Stokes 
parameters.  As  mentioned  previously8,  the  computation  has  been  fully  accomplished  only 
for  the  molecular  atmosphere.  As  for  the  primary  scattering  by  aerosol  particles,  de¬ 
tailed  tabulations  are  available  for  the  radiance  of  the  atmosphere  and  its  degree  of  po- 
polarisation  (de  Bary,  Braun,  Bullrich111) .  It  is  worth  mentioning  that  the  polarisation 
phenomena  show  large  variations  which  are  caused  by  the  different  sizes  of  the  aerosol 
particles.  Thus,  the  polarisation  phenomena  enable  one  to  furnish  proof  of  the  existence 
of  atmospheric  particles  of  specific  sizes.  The  polarisation  of  the  scattered  radiation 
cannot  be  dealt  with  in  detail  here. 

Finally,  it  should  be  mentioned  that  all  these  theoretical  reflections  are  valid  only 
for  spherical  particles.  The  spherical  shape  of  the  aerosol  particles  is  also  the 
prerequisite  for  any  type  of  evaluation  of  direct  measurements  which  are  based  upon  the 
collection  of  aerosol  particles  in  the  atmosphere;  the  same  is  true  with  optical  radi¬ 
ation  measurements.  There  is  no  doubt  about  the  fact  that  deviations  from  the  spherical 
shape  exist  especially  in  dense  aerosol  which  is  due  to  human  activity.  Figure  12  shows 
as  an  example  an  electron  micrograph  of  solid  particles  which  were  taken  in  Los  Angeles 
in  smog  (Bowler15). 


14.  SCATTERING  OF  RADIATION  BY  PRECIPITATION  ELEMENTS  IN  THE  ATMOSPHERE 

The  scattering  process  of  radiation  in  fog  raises  problems  which  are  similar  to  those 
connected  with  the  scattering  by  aerosol  particles.  If  the  sizes  and  the  number  of  drop¬ 
lets  are  known,  the  Mie  theory  enables  one  to  compute  the  scattered  radiation  of  a  volume 
element  of  foggy  air  according  to  the  laws  of  geometric  optics. 

When  haze  in  the  atmosphere  turns  into  fog,  owing  to  the  increase  of  the  relative 
humidity,  some  aerosol  particles  of  specific  size  do  not  undergo  any  change  due  to  hygro¬ 
scopic  effects.  These  non -hygroscopic  particles  remain  in  the  fog;  those  aerosol  particles 
which  have  turned  into  droplets  are  characterised  by  a  size  distribution  which  approxi¬ 
mates  to  a  Gaussian  distribution.  The  relevant  scattering  functions  and  polarisation 
effects  have  been  computed  and  measured  for  a  small  volume  of  air. 
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The  penetration  of  a  beam  of  light  into  fog  or  clouds  very  quickly  results  in  the 
occurrence  of  scattering  of  higher  order.  The  mechanism  of  propagation  of  collimated 
light  differs  from  that  of  diffuse  light.  The  collimated  sun  beams  have  a  penetration  of 
5  km  in  normal  clouds.  The  backward  scattering  of  higher  order  plays  an  important  role 
in  clouds.  It  is  usually  called  the  reflectivity  of  the  cloud  and  it  depends  on  the 
thickness  of  the  cloud  and  the  size  of  the  cloud  droplets.  Incidentally,  diffraction  and 
refraction  phenomena  are  the  almost  whitish  fogbow  and  the  coloured  rainbows.  Diffraction 
and  refraction  on  and  in  the  crystals  of  ice  clouds  produce  a  variety  of  well-known 
coloured  and  uncoloured  phenomena. 

Research  in  the  field  of  cloud  and  precipitation  physics  is  often  based  on  the  invest¬ 
igation  of  radiation  which  is  scattered  on  snow  and  ice  particles  as  well  as  on  water 
droplets.  This  means  the  use  of  the  well-known  radar  technique,  which  is  formed  from 
“radio  detection  and  ranging”.  Radar  is  based  on  a  pulse  timing  method.  A  powerful 
radio  transmitter  of  more  than  100  kW  emits  short  pulses  between  0.25  and  1  microseconds 
in  length.  The  time  interval  between  the  individual  pulses  is  about  1000  microseconds. 

The  echoes  from  cloud  droplets  or  precipitation  elements  are  recorded  up  to  10” 14  watt. 

The  weather  radar  frequency  band  lies  in  between  1.5  and  30  GHz. 

Since  K  -  c/v,  the  related  wavelengths  lie  between  1  and  20  cm,  that  means  the  wave¬ 
length  is  of  the  order  of  magnitude  of  the  droplet  diameter.  Thus,  again,  the  Mie  theory 
is  valid. 


15.  TWILIGHT 

Scattering  by  particles  at  a  height  of  about  80  km  results  in  the  phenomena  of  the 
noctilucent  clouds.  The  measurements  of  their  scattering  functions  and  polarisation 
imply  that  the  scattering  particles  are  covered  by  an  ice  film.  Samples  which  have  been 
collected  with  rockets  and  brought  down  to  the  ground  have  been  analysed  without  clear- 
cut  results  so  far.  Radiation  measurements  during  twilight  provide  at  least  a  qualitative 
contribution  to  knowledge  of  the  variations  in  space  and  time  of  the  aerosol  particles  in 
the  high  atmosphere.  The  twilight  phenomena  are  sensitive  indicators  of  the  composition 
of  the  atmospheric  aerosol  in  the  stratosphere,  especially  the  purple  light.  It  is  due 
to  the  interaction  of  scattering  on  molecules  and  aerosol  particles.  Volz16  and  other 
authors  have  observed  the  spreading  of  volcanic  dust  in  the  stratosphere.  For  instance, 
after  the  eruption  of  the  volcano  Agung  the  particle  number  at  a  height  of  about  20  km 
increased  from  1  to  10  per  cubic  centimetre. 


16.  LIDAR 

As  a  final  observation  the  measuring  methods  which  have  been  developed  for  the 
detection  of  particles  in  the  atmosphere  by  means  of  the  effects  of  scattered  radiation 
should  be  mentioned.  By  analogy  with  radar  the  abbreviation  "Lidar”  is  formed  from 
“light  detection  and  ranging”.  It  comprises  coherent  parallel  and  strongly  monochromatic 
radiation  which  is  emitted  from  a  point  source.  Most  popular  is  the  abbreviation  “lasef’ 
which  means  “light  amplification  by  stimulation  emission  of  radiation”.  The  most  powerful 
radiation  is  emitted  by  the  ruby  laser  stick  at  the  wavelength  A.  -  0.694  u.  ,  which,  by  a 
lucky  chance,  is  free  from  absorption  by  atmospheric  gases,  as  can  be  seen  in  Figure  13 
(Long17).  However,  there  are  also  gas  lasers  with  weaker  emission  in  other  wavelength 
ranges. 

In  the  case  of  a  small  particle  concentration,  for  instance  in  the  stratosphere, 
powerful  lasers  must  be  used.  But  their  application  covers  also  general  and  tropospheric 
problems.  Thus  it  was  possible  to  investigate  the  Cabannes  anisotropic  coefficient,  that 
means  the  deviation  of  the  molecules  from  the  spherical  shape  which  plays  an  important 
role  in  Rayleigh’s  theory.  Moreover,  Harris  et  al.  16  could  prove  that  a  mono-dispersive 
system  has  the  same  scattering  properties  in  coherent  as  well  as  in  noncoherent  light. 
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Tropospheric  backscatter  signals  give  information  on  aerosol  particles  which  are  accumu¬ 
lated  underneath  inversions.  Furthermore,  this  method  enables  one  to  detect  cirrus  veils 
(Masterson  et  al.19), which  are  invisible  because  of  their  small  concentration,  as  can  be 
seen  in  Figure  14.  The  same  is  true  with  the  spreading  of  smoke  plumes.  Last  but  not 
least,  laser  is  a  very  useful  tool  for  detecting  aerosol  layers  in  the  stratosphere  as 
shown  in  Figure  15  (Kent  et  al.  20)  and  Collins  et  al.21.  It  would  be  highly  desirable  to 
extend  this  method  to  those  heights  in  which  extraterrestrial  meteriul  is  encountered. 

Of  course  this  would  require  tracking  under  specific  angles;  thus  laser  and  receiver 
should  be  located  at  a  great  distance  from  each  other. 
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Fig.l.  Normal  aerosol  size  distribution  in  the  continen-  Fig. 2.  Size  distribution  and  volume  distribution  of  the 

tal  atmosphere  (Junge1)  (Equation  (1)).  aerosol  particles  (Junge1). 


Smoky  Mountains, 


Deviations  of  the  normal  aerosol  size  distrlbu-  Pig. 4-  Aerosol  size  distribution  measured  on  Maui 

tion  (Penn3).  Hawaii  (Jaenicke  ). 
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daplrloal  ml*  for  the  real  part  of  the  refractive  Index 
of  mixture*  by  ARAOO  and  BIOT. 

n  raal  part  of  the  aaan  refractive  Index  of  ataoapherlo 
aarosol  partlolaa 

3  Man  denalty  of  ataoapherlo  aeroaol  partlolaa 
n^2  raal  part  of  ihe  refractive  Index  of  the  mixture 
ttj  real  part  of  the  refractive  Index  of  the  liquid 
a  aaaa  of  ataoapherlo  aeroaol  partlolaa 
voIum  of  the  liquid 

FiK.5  Refractive  index  of  atmospheric  aerosol  particles  versus  relative  humidity 
(Hanel5).  (Eiden’ s*  results  have  been  added.  They  are  based  on 
measurements  of  elliptical  polarisation). 


Fig.e  Scattering  cross-section  versus  x  =  2ttt/\  .  (Equation  (4)). 


Fig. 7.  Intensities  of  scattered  radiation  versus 

oc  =  277 r/\,  according  to  the  Mie  theory.  Fig. 8.  Angular  function  of  the  scattering  function  of 

ij-component  (above),  aerosol  particles  for  different 

i2-component  (below).  with  \  =  0.4m  ' 

Scattering  angle  <p  -  90°  .  (Equations  (9)  and  (10)). 
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Pig. 9.  Scattering  function  for  various  refractive  indices  (Hanel) . 


S  40km  y*  25 


5  10  am  »*  23 


■T 


Ratio  of  Rayleigh  scattering  to  the  total  scattering  for  v*  =  2.5  and  various 

visual  ranges. 


Height  (km) 


Detecting  aerosol  layers  in  the  stratosphere  by  using  laser 
(Kent  el  al.20,  Collins21) 

_  standard  atmosphere 

— 0---  experimental  observations 
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DISCUSSION  ON  THE  PAPERS  PRESENTED  IN  SESSION  II  (GROUND  SCATTER) 


A  considerable  part  of  this  discussion  was  concerned  with  the  results  given  in  Paper  8 
"Interference  Patterns  in  HF  Signals  Backscattered  from  Ocean  Waves"  by  D.BMuldrew 
(presented  by  D.W.Rice).  In  the  general  discussion  after  Session  IV  the  question  of 
scatter  from  ocean  waves  was  raised  again,  and  for  completeness  the  relevant  part  of 
this  discussion  is  also  recorded  here. 

There  were  several  questions  concerning  the  uniqueness  of  the  interpretation  suggested 
by  Mr  Muldrew: 

Dr  J.Ramasastry:  Unless  it  can  be  shown  that  the  phenomenon  described  in  Mr  Muldrew’ s 
paper  was  either  repetitive  in  time  or  extended  over  a  period  of  time,  his  explanation 
can  only  be  accepted  as  tentative.  I  also  believe  that  the  ionospheric  effects  due  to 
irregularities  cannot  be  excluded.  Is  it  possible  to  obtain  such  wavelengths  in  the 
irregularities  in  the  P-layer  of  the  ionosphere? 

Dr  H.G.Moller  also  asked  if  ionospheric  effects  could  be  excluded. 

Dr  D.W.Rice:  The  explanation  of  Muldrew  is  offered  as  a  tentative  one  which  seems  to  fit 
the  experimental  data;  however,  it  is  not  claimed  to  be  a  unique  explanation. 

Dr  E. N. Bramley:  If  the  observed  effects  were  due  to  ionospheric  phenomena,  these  would 
produce  characteristic  patterns  on  first-order  ionospheric  echoes  where  ground  reflection 
is  not  involved. 

Dr  C.R. Roberts:  In  one  of  your  oblique  ionograms  there  was  a  trace  whose  slope  was 
negative  with  respect  to  frequency.  Would  you  repeat  your  explanation  of  this?  Does  the 
amplitude  of  the  coherent  returns  compare  with  what  would  be  expected  from  the  suggested 
target? 

Dr  D.W.Rice:  The  negative  slope  would  be  a  result  of  a  positive  ocean  wavelength  gradient 
with  increasing  range  from  the  radar;  either  slope  is  possible.  Your  second  question  is 
dealt  with  in  the  written  paper;  the  answer  is  yes. 

Dr  J.Ramasastry:  Since  it  is  a  fixed  transmitter-receiver  experiment,  what  is  the  time 
dependence  of  such  events  that  you  discussed?  How  long  did  each  event  persist?  How  do 
your  calculated  results  of  ocean  wavelengths  and  gradients  compare  with  those  generally 
accepted’ 

Dr  D.W.Rice:  Mr  Muldrew  will  be  asked  to  provide  the  answer  to  your  first  questions  after 
the  conference.  The  answer  to  your  last  question  is  that  the  agreement  is  excellent  in 
the  limited  number  of  cases  that  have  been  analyzed  in  detail. 

Professor  I.Ranzi:  I  have  the  following  question  on  the  papers  by  D.W.Rice  and  D.B. Muldrew: 
Did  you  observe  any  effects  due  to  large-scale  traveling  disturbances?  As  they  have  a 
wave-like  structure,  with  wavelengths  of  the  order  of  200-400  km,  their  influence  may  be 
important.  In  other  words,  did  you  observe  any  seasonal  variation  that  might  be  due  to  the 
seasonal  variation  of  the  ionospheric  irregularities  ? 

Dr  D.W.Rice  We  did  not  observe  any  seasonal  effect. 


The  following  discussion  on  sea  scatter  took  place  during  the  general  discussion  after 
Session  IV. 

Professor  I.Ranzi:  My  main  objection  to  Mr  Muldrew’ s  interpretation  of  his  observed 
backscattered  echo  pattern  is  that  the  Doppler  frequency  shift  of  the  radio  waves  back- 
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scattered  from  the  sea  waves  is  always  a  well  defined  one,  and  it  corresponds  to  a 
coherent  backscatter  from  sea  waves  having  a  length  equal  to  \/ 2  ,  and  never  to  n\/2 
(n  is  an  integer).  Furthermore,  we  never  observed  any  “aspect  sensitivity”  of  the 
backscattered  echoes  (with  respect  to  the  direction  of  propagation  of  the  sea  waves). 

These  facts  may  be  explained  by  assuming  that  the  backscatter  occurs  from  the  small  sea 
surface  ridges  rather  than  from  the  sloping  surfaces  of  regular  sinusoidal  sea  waves. 

IH.  C.Goutelard.  Les  calculs  que  nous  avons  faits  a  propos  de  la  retrodif fusion  sur  la  mer 
montrent  que  1' energie  retrodiffusee  est  causee  par  1’ agitation  de  la  mer  superposee  a  la 
houle.  Malgre  la  simplicity  des  modeles  choisis,  les  resultats  experimentaux  paraissent 
confirmer  cette  interpretation.  On  constate,  par  exemple,  que  les  amplitudes  des  echos 
recus  par  re'trodiffusion  sur  la  mer  ne  presentent  pas  des  grandes  variations  auxquelles  on 
aurait  pu  s’attendre  si  le  creux  de  la  mer  intervenait  directement  dans  ce  phenomene.  Je 
pense  que  la  houle  introduit  un  phenomfene  d’  interference  dont  1’  influence  est  importante 
dans  la  transmission  de  1’ energie  vers  l’avant,  tandis  que  dans  la  retrodiffusion  ce 
phenomene  apparait,  selon  nos  calculs,  de  plusieurs  dizaines  de  dB  en  dessous  du  phenomene 
de  diffusion.  Ces  resultats  sont  en  accord  avec  les  ide'es  exposees  par  le  Professeur  Ranzi, 
et  je  voulais  le  signaler. 

Dr  E.  S.  Warren:  The  question  arises  of  whether  the  experiments  made  by  Dr  Muldrew  and  by 
Professor  Ranzi  are  compatible  and  should  be  compared.  I  should  like  to  ask  Professor 
Ranzi  what  the  elevation  angle  was  for  the  measurements  he  has  quoted. 

Professor  Ranzi:  The  measurements  were  also  made  from  a  mountain,  and  the  elevation  angle 
ranges  should  therefore  presumably  be  adequate. 

Dr.  E.  S. Warren:  The  areas  of  the  ocean  scanned  by  the  two  experiments  are  dramatically 
different,  and  therefore  the  probability  of  observing  regular  structure  may  be  very 
different. 

Professor  I. Ranzi:  I  think  we  may  conclude  that  further  experimental  and  theoretical 
studies  are  needed  to  clarify  this  question. 


The  author  of  Paper  R,  Mr  Muldrew,  who  was  not  present  at  the  meeting,  was  later  invited  by 
the  editor  to  give  his  comments  on  the  discussion  on  sea  scatter. 

Nr  Muldrew:  Most  of  Dr  Ramasastry’ s  comments  have  been  answered  either  in  the  text  or 
by  those  present  at  the  meeting.  With  regard  to  his  first  comment  the  explanation  in  my 
paper  is  still  considered  tentative,  although  the  phenomenon  does  extend  over  a  period  of 
time.  Interference  ri<‘ges  can  be  frequently  followed  from  ionogram  to  ionogram  over  a 
period  of  hours.  The  ionograms  were  recorded  at  a  rate  which  changed  from  time  to  time  but 
was  either  1.  2.  or  3  ionograms  per  hour.  The  location  of  the  ridges  is  slightly  different 
on  consecutive  ionograms;  this  is  an  area  of  study  which  has  not  yet  been  sufficiently 
investigated  to  discuss  here. 

In  reply  to  Prof  Ranzi’ s  question  on  seasonal  variations,  no  attempt  has  yet  been  made 
to  correlate  traveling  disturbances  with  the  occurrence  of  interference  patterns  on  the 
ionograms.  Since  the  meeting  in  Norway,  a  statistical  study  has  been  made  on  the  occurrence 
of  ordinary  backscatter  and  on  the  occurrence  of  backscatter  containing  interference 
patterns.  The  results  of  this  study  are  shown  in  Figure  1.  The  number  associated  with  each 
month  is  the  number  of  usable  ionograms  recorded  during  the  month.  In  general  backscatter 
occurs  in  the  fall  and  winter  months.  During  those  months  storms  are  generally  prevalent 
in  the  North  Atlantic.  However,  the  ionosphere  also  has  the  highest  critical  frequencies 
during  this  period  and  the  seasonal  variation  may  be  due  to  the  seasonal  variation  in 
critical  frequency.  The  figure  shows  that,  where  backscatter  occurs,  there  is  a  fair  chance 
that  interference  patterns  will  be  observable  in  the  backscatter.  The  percentages  for  the 
winter  of  1957-58  are  considerably  higher  than  for  the  winter  of  1959-60;  this  may  not  be 
a  real  effect  but  may  be  due  to  the  ionogram  recording  technique.  Because  of  this,  it 
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would  be  difficult  to  relate  the  seasonal  variation  of  travelling  disturbances  to  the 
statistical  seasonal  variation  of  the  interference  patterns. 

With  regard  to  Prof  Ranzi*  s  second  comment,  evidence  for  coherent  backscatter  from 
ocean  waves  of  length  K  (n  =  2)  is  given  in  an  excellent  paper  by  D.D.Crombie 
(Nature,  Vol.  175,  1966,  p.681).  In  fact,  the  voltage- reflection  coefficient  |r|  of 
Wait  (see  Equation  (6)  of  text)  is  not  even  a  function  of  n  ;  |r  |  is  only  a  function 
of  the  radio  wavelength,  the  size  of  the  coherent  region  and  the  height  of  the  ocean 
waves.  Hence,  it  is  not  unlikely  that  coherent  backscatter  could  occur  from  ocean  waves 
of  length  nX/2  ,  when  n  is  large. 


Discussion  on  Paper  11  "Aperture  Synthesis  in  Ionospheric  Ground  Backscatter  Radar,"  by 
E.D.B. Shearman. 

Dr  K. Davies:  Radio  astronomers  use  techniques  similar  to  those  used  by  Professor  Shearman. 
They  record  the  data  on  magnetic  tape  and  feed  the  tapes  into  digital  computers.  I  should 
like  to  ask  Professor  Shearman  if  he  has  tried  this  technique? 

Professor  E.  D.  R.  Shearman:  The  data  rate  in  radio  astronomy  is  considerably  lower  than  for 
our  experiment,  low  enough  in  the  Cambridge  and  Jodrell  Bank  experiments  to  use  punched 
paper  tape.  Because  we  have  to  process  some  tens  of  range  resolution  cells  simultaneously 
with  a  fast  data  rate  per  ceil,  optical  recording  is  a  very  convenient  solution.  It  fits 
in  ideally  with  optical  processing  in  which  parallel  Fourier  transformation  in  a  number  of 
channels  in  practicable. 

Dr  I.Paghis:  You  mentioned  an  integration  time  of  5  to  10  minutes.  However,  it  was  not 
clear  to  me  whether  this  integration  time  was  based  on  what  you  found  practically  feasible 
in  instrumentation  or  whether  the  prime  consideration  was  the  behavior  of  a  specific 
ionospheric  model. 

Professor  E.  D.  R.  Shearman:  There  is  no  inherent  instrumentation  limit,  but  there  is  a 
compromise  between  a  synthesis  time  which  is  fast  enough  to  be  complete  before  the 
ionospheric  pattern  viewed  has  moved  by  one  azimuth  resolution  cell  and  one  which  is  slow 
enough  to  permit  phase  averaging  for  the  incoherent  signals  from  targets  in  adjacent  cells. 
Study  of  this  compromise  indicates  that  5  to  10  minutes  is  adequate. 


Discussion  on  Paper  12  "Courte  \ote  sur  les  Echos  2XF  Diffus  Observes  a  Djibouti”  by 
A.M.Bourdila  and  J.Odoux  (presented  by  Commandant  P. Halley) . 

M.  C.  Goutelard:  Vous  dites  que  1* etalement  d;  1’ echo  ne  peut  §tre  explique  totalement  par 
les  modeles  que  vous  proposez.  Pensez-vous  que,  dans  le  cas  de  la  Figure  5,  un  second  mode 
2F  situe  de  1* autre  cote  de  celui  indique  et  pour  lequel  existe  un  phenomene  de  divergence 
expliqueralt,  par  combinaison  avec  le  premier,  1’  etalement  des  echos  observes? 

Commandant  P. Halley.  Non,  j’ai  dit  que  la  variability  dans  le  temps  de  1’  effet  constate, 
c’ est  a  dire  de  1’ etalement  de  1’ e'cho  en  hauteur  virtuelle  ne  peut  §tre  explique  par  les 
seules  irregularities  du  sol  terrestre  ou  maritime.  II  faut  supposer  une  variabilitie 
de  1'  ionosphere.  Le  miroir  Equivalent  concave,  plan,  ou  convexe  presente  une  normale  dont 
la  direction  varie,  si  bien  que  la  surface  du  sol  interessee  varie.  Les  irregularities  du 
sol,  telles  que  de  faibles  changements,  de  pente,  expliquent  bien  1’ etalement  de  1’ echo 
constate'. 


Discussion  on  Paper  1?  "Scatter  by  Particulate  Suspensions  "  by  K.Bullrich. 

There  was  some  discussion  on  the  possibility  of  detecting  the  nature  of  the  suspended 
particles  (that  is  their  composition,  shapes  and  sizes)  from  scatter  measurements. 

Dr  K.  Davies:  Do  you  imply.  Professor  Bullrich,  that  the  scattering  properties  of  aerosols 
depend  only  on  their  size  and  shape  and  not  on  their  chemical  composition  ?  It  is  possible 
to  determine  the  chemical  composition  from  the  shape  of  atmospheric  (pollution)  particles? 

Dr  J. Ramasastry:  In  connection  with  Dr  Davies’s  question  about  the  determination  of  the 
chemical  composition  by  backscatter  measurements,  I  am  aware  of  results  determined  by 
aerosol  particle  analysers  in  balloons  and  rockets. 

Professor  K.Bullrich:  The  chemical  analysis  of  atmospheric  aerosol  particles  is  difficult 
because  of  their  mixed  structure,  that  is,  one  particle  may  consist  of  several  constituents. 
The  analysis  of  rain  water  is  not  representative.  In  the  particle  analysis  sulfur  compounds 
like  S02  and  S0„  have  been  found  to  be  important,  but  NH4,  Ca,  Si  and  others  have  also  been 
detected. 

Dr  H.J.  Albrecht:  I  should  like  to  ask  Professor  Bullrich  the  following  questions: 

Regarding  your  statement  that  scattering  of  higher  orders  is  more  pronounced  during 
certain  types  of  meteorological  conditions  (clouds  etc),  have  there  been  any  supporting 
measurements? 

What  is  the  influence  of  particle  shape  on  scattering  of  higher  orders? 

With  reference  to  backscattered  laser  signals  from  clouds,  is  there  any  relationship 
between  the  scattered  signal  and  other  (meteorological)  parameters,  if  measured  at  all, 
within  the  same  cloud? 

Professor  K.Bullrich:  Numerous  measurements  have  been  done  which  give  indirect  information 
about  the  multiple  scattering  in  the  atmosphere.  The  deviations  from  the  measurements 
of  theoretical  values  which  do  not  include  the  higher  order  scattering  were  used  to 
estimate  the  scattering  of  higher  order. 

Hie  answer  to  your  second  question  is  not  known  for  the  atmosphere  so  far.  Probably 
the  influence  of  particle  shape  on  multiple  scattering  is  small  if  the  air  is  not  too 
turbid.  The  influence  is  great  on  the  measured  results  for  particles  using  impactor 
systems. 

In  the  laser  beam  experiments,  profiles  of  temperature  were  measured  simultaneously. 

Very  thin  clouds  and  aerosol  particle  layers  were  found  in  inversions. 
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The  aim  of  this  paper  is  to  review  the  problems  related  to  tropospheric 
radio  scatter  propagation.  It  is  intended  to  give  a  unified  treatment  of 
the  phenomena  encountered,  in  the  sense  that  scattering  from  turbulent 
irregularities  and  scattering  (reflection)  from  layers  are  not  treated  as 
separate  phenomena  using  the  two  “classical”  sets  of  mathematical  tools. 
Starting  from  first  principles,  we  shall  briefly  show  that  any  atmospheric 
structure,  random  (turbulent)  or  ordered  (layered),  can  be  expressed  in 
general  terms  in  the  form  of  a  three-dimensional  refractive  index  spectrum 
and,  when  investigating  the  characteristic  properties  of  the  scattered 
radio  wave  (angular  power  spectrum,  bandwidth,  frequency  and  space  divert. .'ty 
properties,  antenna- to-medium  coupling  loss,  etc),  the  calculations  are  based 
on  this  general  three-dimensional  refractive  index  spectrum.  An  attempt 
is  made  to  treat  the  problems  in  such  a  way  as  to  ensure  a  physical 
understanding  of  the  phenomena  encountered,  giving  first-order  results 
rather  than  lengthy  and  very  accurate  expressions. 
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1.  INTRODUCTION 

During  the  past  decade  several  theories  ostensibly  explaining  the  phenomena  encountered 
in  trans-horizon  propagation  have  been  advanced.  Although  there  are  certain  similarities 
and  intermingling  of  the  theoretical  foundations  between  all  the  theories,  they  can  be 
roughly  classified  according  to  the  type  of  model  they  employ,  One  may  of  course  question 
this  classification  scheme  or,  in  fact,  the  models  themselves,  for  a  model  may  be  anything 
from  a  fictitious  mathematical  artifice  to  a  plausible  explanation  of  the  actual  mechanisms 
involved.  Nonetheless,  there  appear  to  be  three  distinct  groups  of  theoretical  work. 

(i)  Theories  based  on  turbulence.  Booker-Gordon1,  Villars-Weisskopf 2,  Megaw3, 

Batchelor4  and  many  others. 

(ii)  "Mode-theories".  Carroll -Ring5,  Bullington6. 

(ill)  Reflection  theories.  Friis-Crawford-Hogg7,  Waterman6  and  others. 

These  different  groupings  automatically  demand  that  any  complete  experimental  verification 
of  all  the  theories  is  quite  extensive9.  Surprisingly  enough,  each  theory  has,  to  a  greater 
or  lesser  extent,  been  verified  by  experimental  results.  This  apparent  paradox  of  seemingly 
different  theories  all  being  experimentally  confirmed  can  be  simply  explained  by  noting  that 
in  all  cases  only  simple  experiments  could  be  explained.  This  then  leads  to  the  conclusion 
that  the  differences  between  the  various  theories  is  really  only  superficial,  and  that  the 
sometimes  "equal”  experimental  confirmation  is  in  most  cases  simply  a  confirmation  of  the 
underlying  similarities  and  not  in  any  way  a  substantial  proof  of  the  validity  of  an 
individual  theory. 

With  the  knowledge  that  we  possess  today,  it  seems  reasonable  to  conclude  that  whether 
we  support  theories  based  on  scattering  from  turbulent  irregularities  or  theories  based  on 
“reflections”  from  layered  structures  depends  on  the  ambient  atmospheric  conditions  and  on 
the  radio  wavelength  used. 

In  this  paper  we  shall  try  to  give  a  unified  treatment  of  tropospheric  scatter  problems. 

We  shall  not  treat  scattering  from  turbulent  irregularities  and  scattering  (reflection) 
from  layers  separately,  using  the  two  "classical”  sets  of  mathematical  tools.  Starting 
from  first  principles  we  shall  briefly  show  that  any  atmospheric  structure,  random 
(turbulent)  or  ordered  (layered)  can  be  expressed  in  general  terms  in  the  form  of  a  three- 
dimensional  refractive  index  spectrum  and,  when  investigating  the  characteristic  properties 
of  the  scattered  radio  wave  (angular  power  spectrum,  bandwidth,  frequency  and  space  diversity 
properties,  antenna  to  medium  coupling  loss),  we  shall  base  our  calculations  on  this  general 
three-dimensional  refractive  index  spectrum.  We  shall  attempt  to  treat  the  problem  in  such 
a  way  as  to  ensure  a  physical  understanding  of  the  phenomena  encountered,  giving  first-order 
results  rather,  than  complicated  expressions  of  optimum  accuracy,  knowing  that  such  detailed 
treatments  will  be  given  in  contributions  following  this  introductory  paper. 
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2.  ANGULAR  SCATTERED  POWER  SPECTRUM  IN 
RELATION  TO  REFRACTIVE  INDEX  STRUCTURE 

Consider  a  volume  element  dv  =  dxdydz  =  d3r  ,  within  the  scattering  volume  V  ,  this 
scattering  volume  being  confined  to  the  spatial  region  in  the  troposphere  illuminated  by 
the  transmitting  antenna  and  "seen"  by  the  receiving  antenna.  If  the  permittivity 
(refractive  index)  within  the  e'  entary  volume  differs  by  an  amount  Ae  from  the  average 
value  of  the  permittivity  r  he  element  of  dielectric  becomes  polarised,  giving  rise 
to  a  dipole  moment  (dP  =  Ae  dv  i.e)  when  under  the  influence  of  an  electric  field  E„. 
Distant  R  from  the  scattering  element  the  dipole  moment  results  in  a  polarisation 
potential  dir  and,  provided  k2ir»W*ir  (which  requires  R  »  V1/3)  ,  the  scattered 
field  strength  Efl  =  k2ir,  where  k  is  the  wavenumber  of  the  electric  field.  The 
scattered  field  resulting  from  the  integral  of  elementary  scattering  elements  is  then 
given  by 

k2  r 

Es  =  — jE0f(r,t)e‘JKr  d3r  ,  (1) 

8  477R J  0 

omitting  the  time-factor  e*wt  . 

Here 


k0  =  wavenumber  of  incident  field 

k8  =  wavenumber  of  scattered  field 

|k0|  =  |kj  =  2 n/k 

K  =  radio  wavelength  . 

Thus 

I  I  *77 

|K|  =  —  sin  9/2  , 

A. 

where  0  ,  the  scattering  angle,  is  the  angle  between  ks  and  kj  .  The  vector  r  is 
the  position  vector  of  the  scattering  element  and  fe(r,t)  is  the  space-time  function  of 
the  normalised  permittivity  Ae/e0  . 


Note  that  Equation  (1),  which  is  derived  from  Maxwell’s  equation,  is  perfectly  general 
and  does  not  consider  the  nature  of  the  refractive  index  irregularities  described  by  the 
function  fe(r,t)  .  This  function  may  be  a  stochastic  one,  in  which  case  the  refractive 
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index  field  is  conveniently  described  by  the  spatial  autocorrelation  function  of  refractive 
index,  or  we  may  be  dealing  with  an  ordered  variation  in  e  ,  say  a  horizontal  layer  through 
which  the  refractive  index  varies  in  a  systematic  fashion  expressible  as  a  well  behaved 
function, 


In  order  to  ensure  a  thorough  physical  understanding  of  the  problem,  let  us  discuss 
Equation  (1)  in  some  detail, 

• 

(a)  Let  us  first  assume  that  the  wave  incident  on  the  scattering  volume  is  a  plane  one 
and  that  the  linear  extension  of  the  scattering  volume  Vl/3  is  very  small  compared 
with  the  distance  from  the  transmitter  to  the  scattering  volume  (and  similarly  small 
compared  with  the  distance  R  from  the  scattering  volume  to  the  receiving  antenna). 
This  means  that  we  must  assume  that  the  curvature  of  the  wave  front  is  large,  such 
that  the  first  Fresnel  zone  in  a  vertical  plane  normal  to  the  transmission  path  is 
large  compared  with  the  linear  extension  of  the  scattering  volume  as  measured  in 
this  plane.  Under  such  conditions  we  can  exclude  the  EQ  factor  from  the  integrand 
of  Equation  (1),  the  result  being  that  the  scattered  field  is  simply  the  Fourier 
transform  with  respect  to  space  of  the  f£(r)  function.  In  order  to  obtain  an 
expression  for  the  angular  power  spectrum  of  the  scattered  wave,  we  shall  have  to 
multiply  Eg  by  its  complex  conjugate,  thus  obtaining  the  scattering  cross-section 
cr  given  by 

77k4 

a(6)  =  —  0(K)  ,  (2) 

2 


where  <p(K)  is  the  spatial  “power  spectrum”  of  the  refractive  index  field  such  that 
<£( K)  is  the  Fourier  transform  of  the  spatial  autocorrelation  function  of  f£(r)  . 


(b)  Then  let  us  consider  the  opposite  case  where  the  incident  field  E0  varies  far 

more  rapidly  with  r  than  does  the  refractive  index.  In  the  extreme  case  we  assume 
that  f£(r)  is  a  constant  throughout  the  scattering  volume.  Equation  (1)  then 
takes  .he  form 


E 


s 


c  / E  (r)  e'JKr  d3r  , 
v 


(3) 


stating  that  the  diffraction  field  is  the  F.urier  transform  of  the  field  strength 
distribution  in  the  plane  in  which  r  is  measured.  For  a  symmetrical  radio  path 
this  plane  is  the  vertical  cross-path  plane  illuminated  by  the  transmitter  and 
seen  by  the  receiver. 


In  the  general  case,  as  already  noted,  Equation  (1)  applies,  so  that  the  angular  spectrum 
of  scattered  field  strength  is  the  Fourier  transform  of  the  product  E(r)*fe(r)  .  It 
should  be  quite  clear  then,  from  the  foregoing  arguments,  that  E(r)  can  only  be  excluded 
from  the  Fourier  integral  if  the  E(r)  function  is  "wide”  in  comparison  with  the  f£(r) 
^unction. 


Then  let  us  consider  these  two  functions  in  turn, 

(i)  The  "width"  of  the  f£(r)  function  is  easily  defined  if  we  are  dealing  with  a 
non- stochastic  function,  say  a  layer  through  which  the  refractive  index  varies 
systematically.  The  width  of  the  f£(r)  function  is  then  simply  the  thickness  of 
the  layer.  If  we  are  dealing  with  a  random  function  of  f£(r)  ,  it  seems  clear 
that  the  width  of  the  f£(r)  inaction  is  comparable  with  the  correlation  distance 
L  of  the  refractive  index  field,  This  we  define  as  the  distance  we  shall  have  to 
move  before  the  autocorrelation  coefficient  of  refractive  index  drops  to  1/e  . 

Practical  experiments  (see,  for  example,  Reference  10)  shows  that  L  varies  with 
time  and  position  in  space.  A  correlation  distance  of  some  10  m  appears  to  be  the 
right  order  of  magnitude  for  L  , 
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(ii)  Then  let  us  consider  the  "width"  of  the  E(r)  function.  Here  there  are  two 
factors  which  must  be  considered.  If  we  are  neglecting  the  influence  of  the 
irregular  refractive  index  structure  on  the  phase  front  of  the  radio  beam  as  this 
propagates  from  the  transmitter  to  the  common  volume,  the  E(r)  function  is 
determined  entirely  by  the  curvature  of  the  phase  front  in  the  scattering  volume, 
i.e. ,  the  "width"  of  the  E(r)  function  is  essentially  the  first  Fresnel  zone 
as  measured  in  a  vertical  cross-path  plane  through  the  centre  of  the  scattering 
volume. 

If  Rj  is  the  distance  from  the  transmitter  to  th*s  plane,  then  the  diameter  of  the 
first  Fresnel  zone  is  given  by 

l  =  v/(2R1\)  ,  (4) 

where  X  is  the  radio  wavelength. 

A  typical  value  of  X  is  5  cm  and  Rj  may  typically  be  100  km.  Hence  the 
diameter  of  the  first  Fresnel  zone  may  typically  be  100  m. 

However,  in  order  for  the  radio  wave  to  reach  the  scattering  volume,  it  will  have  to 
propagate  through  the  refractive  index  irregularities.  Hence  the  phase  front  in  the 
scattering  volume  is  a  perturbed  one.  In  other  words,  superimposed  on  the  spherical  phase 
front  with  radius  of  curvature  equal  to  R:  ,  we  have  random  phase  fluctuations  resulting 
from  the  fact  that  the  phase  at  a  point  P  in  the  scattering  volume  is  given  by  the 
refractive  index  integral 

7T  .  P 

l/t  nm  ■ 

T  being  the  transmitter  and  dx  a  line  element. 

Introducing  then  the  concept  of  "phase  coherence  distance”,  which  is  the  distance 
measured  in  the  vertical  cross-path  plane  distant  R  from  the  transmitter  at  which  the 
coherence  is  1/e  .  it  can  be  shown11  that  the  phase  coherence  distance  is  given  by 


where  k  =  2 rr/K  and  C2  is  Tatarski’ s  scatter  coefficient.  Putting  X  =  5  cm  ,  C 2  =  10~12 
and  R  =  100  km  ,  we  find  that  the  coherence  distance  is  10  m. 

Consequently,  the  Fresnel  zone  does  not  constitute  a  limiting  factor  and  the  E(r) 
function  is  limited  by  the  antenna  beams. 

In  conclusion,  therefore,  we  note  that  in  general  it  is  permissible  to  exclude  the 
E(r)  term  from  the  integrand.  Consequently,  if  we  write  the  refractive  index  spectrum 
(see  Equation  (2))  in  the  form 

0(K)  ~  K’n  , 

the  angular  power  spectrum  of  the  scattered  wave  is  given  by 

P  (6)  ~  6'a 

when  we  assume  an  isotropic  refractive  index  field. 

Before  we  proceed  to  consider  the  characteristic  properties  of  a  radio  wave  scattered 
from  a  refractive  index  structure  whose  spectral  distribution  is  characterised  by  the 
<£(K)  function,  let  us  briefly  consider  the  form  of  the  4>(K)  function. 
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3.  THE  FORM  OF  THE  REFRACTIVE  INDEX  STRUCTURE 

During  the  last  decade  a  whole  spectrum  of  seemingly  different  models  characterising 
the  tropospheric  refractive  index  field  has  been  advanced.  In  this  presentation  we  shall 
consider  three  such  models  (three  different  plausible  atmospheric  situations)  and  we  shall 
discuss  the  form  of  the  refractive  index  spectrum  $(K)  appropriate  to  each  model,  basing 
the  mathematical  treatment  solely  on  the  basic  Equation  (1). 

3. 1  Scattering  by  Homogeneous  Turbulence 

The  theory  of  small-scale  turbulence  developed  by  Kolmogorov,  Oboukhov  and  others, 
based,  on  natural  physical  ideas,  gives  quite  definite  conclusions  on  spatial  spectra  of 
air  velocity  fluctuations.  A  very  close  relationship  is  also  established  between  the 
spectrum  of  air  velocity  fluctuations  and  that  of  temperature  and  humidity.  Since  there 
is  a  simple  relationship  between  refractive  index  N  and  temperature  T  and  humidity  e  , 
the  spatial  refractive  index  spectrum  can  be  represented  as  a  linear  combination  of  the 
T  and  e  spectra. 

When  seeking  an  expression  for  the  refractive  index  spectrum  <£(K)  ,  our  first  problem 
is  to  find  the  air  velocity  spectrum  appropriate  to  a  specific  location  in  the  troposphere 
and  to  a  specific  atmospheric  situation. 

In  the  wavenumber  range  (K-range)  corresponding  to  the  inertial  sub-range,  this  being 
a  limited  range  between  that  at  which  energy  is  being  fed  into  the  turbulence  field  and 
that  at  which  energy  is  being  extracted  in  the  form  of  energy  dissipation,  the  refractive 
index  spectrum  E(K)  can,  according  to  turbulence  theory  (see,  for  example,  Reference  4), 
be  written  in  the  form 


E(K)  ~  Se2  l'2/3  K's/3  ,  (6) 

where  8e2  =  standard  deviation  of  permittivity  fluctuations 

l  =  input  scale,  i.e. ,  l  =  2n/Km  where  K,,,  is  the  wavenumber  for  maximum 
E(K)  . 

The  spectrum  E(K)  is  the  one-dimensional  "power”  spectrum  obtained  from  an  integration 
of  0(K)  over  all  directions  of  K  . 

If  the  refractive  index  field  is  isotropic,  then 

E(K)  =  4tt  K20(K)  .  (7) 

In  the  inertial  sub-range  we  therefore  have  the  following  expression  for  the  refractive 
index  spectrum: 

Se2  <p( K)  =  0.033  C2  K'n/3  ,  (8) 

where  C2  =  5.  3  §e2  i'2/3  as  introduced  by  Tatarski  on  the  basis  of  structure  function 
considerations. 

The  expression  for  the  scattering  cross-section  (see  Equation  (2))  then  takes  the  form 

o-  =  0.03  C2  \'1/3  (sin  6/2)' 11/3  .  (9) 

Remembering  that  the  scattering  cross-section  is  defined  as  the  power  density  of  the 
scattered  wave  per  unit  solid  angle  in  the  direction  of  kg  per  unit  scattering  volume 
per  unit  power  density  of  incident  wave  at  the  position  of  the  scattering  volume,  the 
angular  power  spectrum  of  the  scattered  wave  is  found  directly  from  Equation  (9). 
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Then  let  us  consider  the  other  extreme  case  where  we  are  dealing  with  a  layered 
atmospheric  structure. 


3.2  Scattering  froa  a  Layer  through  which  the  Refractive 
Index  Varies  Systematically 


To  illustrate  the  principles  Involved,  let  us  consider  one  horizontal  layer  tnrough  which 
the  refractive  index  varies  according  to  the  function  f4(z)  ,  z  being  the  vertical 
coordinate.  Writing  Equation  (1)  as 


we  can  express  A(K)  as 


E„  = 


477  R 


A(K) 


(10) 


A4(K) 


-J(K  X+K  y+x  z) 
(r)  e  1  y  2 


dxdydz  . 


But  with  a  horizontal  layer,  fe(r)  reduces  to  fe(z)  .  the  permittivity  being  constant 
in  the  x  and  y  directions.  Thus  we  have 


A4(K) 


ft(z) 


-JKZ* 


-JK_X 

e  * 


dx  . 


The  integrals  having  x  and  y  arguments  are  immediately  recognised  as  the  Fourier  integral 
representations  of  the  Dirac  delta  function,  so  that  this  expression  may  be  written 


Ae(K) 


f€(z) 


-JV 


S(Kyy)  8(yy)  . 


(ID 


The  function  A£(K)  ,  and  thus  Es  ,  then  vanishes  unless  both  Kz  and  Ky  are  zero. 
Hence  A(K)  =  0  unless  K  is  normal  to  the  layer  boundary. 


In  order  to  obtain  an  expression  for  the  scattering  cross-section,  we  shall  have  to  form 
the  product  A€(K)  A*(K)  ,  obtaining 


cr 


~  |f  f£(z>  e'JKz  dz 


(12) 


since  fe(z)  is  a  known  real  function.  To  obtain  tbe  transmission  loss  relative  to  the 
free-space  loss,  we  shall  have  to  perform  an  integration  over  the  appropriate  illuminated 
layer  area,  thus  obtaining12 

T  ~  (sin  (9/2) ' 2  |f  fe(z)  e'JICz  dz|  *  .  (13) 

The  flat  layer,  however,  constitutes  the  simplest,  and  most  unrealistic,  of  the  models 
involving  systematic  layers.  In  order  to  include  the  case  of  a  rippled  layer,  we  shall 
have  to  consider  beam  focusing  effects,  complicating  the  issue  considerably 12  • 13. 

In  this  survey,  this  case  will  be  not  be  included. 

Then  let  us  replace  the  smooth  layer  by  a  turbulent  one. 
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3.3  Scattering  from  a  Turbulent  Layer 

With  turbulent  layer  we  here  refer  to  the  case  where  the  intense  turbulence  affecting 
radio  wave  propagation  is  confined  to  one  or  more  strata  oi  extremely  limited  vertical 
extent  as  opposed  to  the  case  treated  in  Section  3.  1,  where  it  was  assumed  that  the 
scattering  occurred  within  a  great  vertical  depth  of  the  atmosphere. 

A  distinct  difference  between  this  type  of  layer  and  that  just  discussed  is  that  when 
we  are  dealing  with  turbulent  strata,  the  layer  boundaries  are  not  likely  to  be  s'jooth 
(smooth  in  terms  of  the  radio  wavelength).  This  means  that  mirror  reflection,  as  inferred 
in  Section  3.  1,  will  not  take  place. 


Now,  these  atmospheric  layers  are  generally  associated  with  a  large  degree  of  local 
stability  Hence  it  is  reasonable  to  expect  the  mean  temperature  and  humidity,  and  hence 
also  the  mean  refractive  index,  to  vary  in  a  systematic  fashion  through  the  layer.  On 
this  systematic  refractive  index  profile  the  random  fluctuations  of  refractive  index 
caused  by  turbulence  are  superimposed.  Thus  there  ars  two  factors  contributing  to  the 
scattered  radio  power.  One  is  the  scattering  from  the  mean  profile  (partial  reflection) 
as  discussed  in  Section  3. 1,  the  other  is  the  scattering  from  the  random  refractivity 
fluctuations  caused  by  turbulence.  Since  the  two  contributions  to  the  scattered  field 
bear  random  phase  relationship,  the  total  resulting  scatter  field  is  obtained  by  simple 
summation.  If  then  the  random  refractivity  fluctuations  obey  the  inertial  sub-range  K‘5/3 
law,  and  if  the  mean  refractive  index  profile  can  be  expressed  by  the  function  fe(z)  ,  z 
being  the  vertical  coordinate,  then  the  resultant  scattering  cross-section  is  given  by  the 
sum  of  Equations  (9)  and  (12).  Thus 


a 


T 


0.03  C3  \*1/3 


(sin  6/2 ) 11/3 


f£(z)  e‘JKz 


(14) 


The  relative  importance  of  the  two  terms  of  this  equation  depends  on 

(a)  the  relative  magnitude  of  the  root-mean- square  random  refractivity  fluctuations 
and  the  degree  to  which  the  mean  refractive  index  varies  through  the  layer, 

(b)  the  thickness  of  the  layer  in  relation  to  the  quantity  \/sin  (6/2)  , 

(c)  the  radio  wavelength  \  in  relation  to  the  input  scale  l  of  the  turbulence 
field. 


Having  discussed  various  plausible  atmospheric  structures,  various  forms  of  the 
refractive  index  spectrum  <£(K)  ,  we  shall  consider  the  relationship  between  this  general 
refractive  index  spectrum  and  the  characteristic  properties  of  the  scattered  radio  wave. 


4.  PROPERTIES  OF  A  SCATTERED  RADIO  WAVE 

It  is  the  purpose  of  this  section  of  the  presentation  to  discuss  the  relationship  between 
the  refractive  index  structure  and  the  characteristic  properties  of  the  scattered  radio 
wave.  Such  an  investigation  may  serve  two  different  purposes.  The  radio  engineer  requires 
information  about  the  transmission  loss,  the  bandwidth  limitation,  the  advantages  of  space 
and  frequency  diversity  reception,  etc.,  whereas  the  radiophysicist  would  like  to  know 
what  conclusions  can  be  drawn  about  the  atmospheric  structure  on  the  basis  of  radio 
measurements. 

We  have  seen  that  the  scattering  cross-section  is  proportional  to  the  refractive  index 
spectrum  <£(K)  and  we  have  shown  that  the  0(K)  spectrum  takes  very  different  forms, 
depending  on  the  atmospheric  conditions. 

To  simplifying  the  mathematics  related  to  a  discussion  of  the  characteristic  properties 
of  the  scattered  radio  wave,  we  shall  express  the  spectrum  function  <£(K)  in  the  form 
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<£(K)  ~  v(x,y,  z)  [k]  ‘  tn-o'y/so]  _  (15) 

Here  the  vix.y.z)  function  describes  the  spatial  homogeneity  properties  of  the  refractive 
index  field14,  whereas  the  coefficient  m  is  a  measure  of  the  degree  of  anisotropy,  the 
angle  y  being  the  direction  of  the  K  vector  relative  to  the  vertical  direction15  * 16. 
Thus,  if  the  refractive  index  field  is  homogeneous  and  isotropic  and  governed  by  the 
inertial  sub-range  turbulence  law, 

<fi(K)  ~  K'11/3  . 

If,  however,  we  are  dealing  with  a  layered  structure  such  that  $( K)  =  0  unless  K  is 
normal  to  the  layer  boundary  (see  Equation  (11)),  then  the  coefficient  m  in  Equation  (15) 
approaches  minus  infinity  and  the  coefficient  n  is  determined  by  the  layer  thickness  and 
by  the  profile  of  the  refractive  index  through  the  layer. 

Experiments17'16  shows  that  the  exponent  n  is  strongly  dependent  on  the  atmospheric 
stability.  For  low  values  of  the  stability,  n  may  typically  be  6/3,  whereas  n  may  be 
as  high  as  21/3  under  very  stable  conditions18. 


4. 1  Distance  Dependence  of  Scattered  Radio  Wave 

The  scattering  cross-section  is  defined  as  the  power  density  of  the  scattered  wave  per 
unit  solid  angle  in  the  direction  of  ks  per  unit  scattering  volume  per  unit  power  density 
of  incident  wave  at  the  position  of  the  scattering  volume.  The  scattered  power  received 
over  a  receiving  aperture  AR  from  an  element  of  the  scattering  volume  dV  ,  distant  RT 
from  the  transmitter  (having  gain  GT  and  power  output  Pt)  and  distant  Rr  from  the 
receiving  antenna,  is  thus  given  by 


P_Gr  A, 

d|,«  = 

477Rt  rr 


The  total  power  received  is  thus  the  integral  of  Equation  (16)  over  the  scattering 
volume  V  . 


Our  next  problem  then  is  to  determine  the  scattering  volume,  which  depends  on  the 
atmospheric  structure.  We  shall  refrain  from  going  into  detail  here  and  confine  ourselves 
to  the  case  of  narrow  antenna  beams  such  that  the  factors  a  ,  G  and  R  of  Equation  (16) 
can  be  taken  as  constant  within  the  scattering  volume. 

Under  these  conditions  the  scattering  volume  can  be  written  as14 


2  D2/32 

3  sin  6 


(17) 


where  D  =  2R  (for  Rg  =  RT)  and  /3  is  the  beamwidth  of  the  transmitting  and  the  receiving 
antennas . 


Writing  then  a  =  n/2  K4  0(K)  and  0(K)  ~  K"n  ,  our  expression  for  the  received  power 
reduces  to 


(18) 


where  we  have  substituted  for 


477  2 r  2R 

K  =  —  sin  0/2  ~  —  9  and  $  =  — 

XX  a 


where  a  is  the  radius  of  the  earth. 
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If,  however,  we  are  dealing  with  wide  beam  antennas,  the  situation  is  somewhat  different. 
Since,  as  we  have  seen  (Equation  (9)),  the  scattered  angular  power  spectrum  falls  off 
rapidly  with  scattering  angle,  the  effective  scattering  volume  is  limited  to  the  lower  part 
of  the  common  volume.  Accordingly,  for  wide  beam  antennas,  the  scattering  volume  is  smaller 
than  the  common  volume.  An  estimate  of  the  scattering  volume  under  such  conditions  can  be 
obtained  by  using  Equation  (17)  and  substituting  for  the  effective  beamwidth  /3eff  .  This 
is  defined  as  half  the  difference  between  the  minimum  scattering  angle  (#min  =  2R/a)  and 
the  scattering  angle  corresponding  to  a  position  in  space  (height)  of  the  scattering 
element  where  the  contribution  to  the  scattered  power  is  negligible. 

Writing  then  the  angular  power  spectrum  in  the  form  P  ~  #"n  and  6  -  2(0CQ+a)  ,  where 
afl  is  half  the  angle  between  the  earth’ s  tangent  planes  at  the  receiver  and  transmitter 
respectively,  we  have 


a 

Po 


(19) 


Letting  then  the  effective  scattering  volume  be  limited  to  the  region  within  which 
the  scattered  power  is  larger  than  1/10  of  the  maximum  value  obtained  for  a  scattering 
angle  6  -  2a  -  R/a  ,  we  have 

o^effV0 
ao  / 

and 

R 

P9tt  =  ~  (^(1°)  -  1)  •  (2°) 


4.2  Wavelength  Dependence  of  Scattered  Radio  Wave 

Using  narrow  beam  antennas,  the  wavelength  dependence  is  given  by  Equation  (18).  Thus, 
for  large  scaled  antennas,  the  scattered  power  is  proportional  to  \n"2  .  This  is  also 
seen  directly  from  the  basic  equation  for  the  scattering  cross-section  (Equation  (2)) 
putting  <p( K)  ~  K'n  .  For  wide  beam  antennas,  however,  the  situation  is  different  unless 
the  form  of  the  <£  (K)  spectrum  is  such  that  the  effective  scattering  volume  for  scaled 
antennas  is  independant  of  wavelength. 

4.3  Bandwidth  Limitations  of  a  Scattered  Radio  Wave 
(Frequency  Diversity  Properties) 

Our  interest  is  now  focused  on  the  correlation  function  in  the  frequency  domain.  The 
wavelength  dependence,  in  the  way  just  discussed,  has  thus  no  bearing  on  our  problem.  To 
illustrate  the  issue,  let  us  consider  a  practical  experiment. 

We  have  a  scatter  connection  making  use  of  antenna  beams  which  have  large  vertical 
extension  and  which  are  narrow  in  the  horizontal  plane.  Thus,  for  the  vertical  direction, 
it  is  the  0(K)  function  that  limits  the  upper  boundary  of  the  effective  scattering  volume. 
The  lower  boundary  is  determined  by  the  earth’s  tangent  planes  through  the  transmitter  and 
the  receiver  respectively. 

Hie  transmitter  frequency  is  varied  over  a  small  frequency  band  (some  1%  frequency 
deviation)  at  a  rate  which  is  large  in  comparison  with  the  rate  at  which  the  atmospheric 
structure  changes.  At  the  receiver  we  measure  the  field  strength  as  a  function  of  frequency, 
sweep  by  sweep,  and  in  general  we  then  find  that  this  is  a  strongly  varying  function. 
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Measuring  then  the  difference  in  frequency  Af  between  successive  amplitude  minima, 
we  obtain  a  measure  of  the  maximum  difference  in  path  length  A Z  for  the  waves  that  reach 
the  receiver  via  the  scattering  elements  in  the  scattering  volume.  Using  then,  to  simplify 
the  discussion,  beams  which  are  narrow  in  the  horizontal  plane,  the  difference  in  path 
length  is  a  result  of  scattering  from  irregularities  (scattering  element)  which  are  located 
at  different  heights  in  the  scattering  volume.  Note  that  scattering  elements  which  lie  on  the 
same  ellipsoidal  surface,  the  foci  being  at  the  position  of  the  transmitter  and  the  receiver 
respectively,  give  rise  to  the  same  delay.  Consequently,  the  width  of  the  delay  spectrum 
is  essentially  determined  by  the  height  distribution  of  the  contributing  scattering  elements. 
Hie  delay  spectrum  is  thus  determined  by  $(K)  for  K  vertical. 

In  order  to  ensure  a  physical  understanding  of  the  problems  involved,  let  us  seek  an 
approximate  expression  for  the  bandwidth  capability  of  the  scattering  mechanism.  In  terms 
of  the  width  of  the  delay  spectrum  A l  ,  the  bandwidth  Af  is  given  hy 

Af  =  r,-  (21) 


where  c  is  the  velocity  of  light. 

For  a  given  geometry  (i.e.,  given  distance  between  transmitter  and  receiver)  there  is 
a  direct  relationship  between  the  width  of  the  delay  spectrum  AZ  and  the  thickness  of 
the  effective  scattering  volume  Az.  Here  Az  is  approximately  equal  to  the  product 
*^eff  •  *here  R  is  l*alf  the  path  len8th  and  /®eff  *8  the  effective  beamwidth  as  expressed 
in  Equation  (20).  Measuring  thus  Af  we  obtain  a  measure  of  the  width  of  the  <£( K) 
function  for  K  vertical. 

Referring  to  Figure  2,  we  find  that  A Z  is  given  by 

AZ  =  R(£/3+/32)  .  (22) 


I 


Fig. 2  Bandwidth  limitations  of  the  scattering  mechanism 

Substituting  then  for  6  -  R/a  ,  where  a  is  the  earth’s  radius,  and  for  the  effective 
beamwidth  as  given  by  Equation  (20),  our  expression  for  bandwidth  takes  the  form 

c  a2c 

AZ  ”  R3(102/n  -  10l/n) 


Af 


(23) 
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We  see  that,  if  the  scattering  mechanism  is  such  that  the  <£(K)  function  is  narrow, 
in  the  limit  a  delta  function,  the  exponent  n  approaches  infinity  and  the  bandwidth 
approaches  infinity.  If,  however,  the  0(K)  function  is  wide,  11  is  small  and  the 
bandwidth  is  limited. 

Experiments  show  (see,  for  example,  Reference  10))  that  the  median  value  of  n  is 
near  4  in  accordance  with  the  inertial  sub-range  K'5/3  law  for  the  E(K)  spectrum.  For 
a  100  mile  scatter  circuit  the  bandwidth  is  then,  as  given  by  Equation  (23),  approximately 
9  MHz. 

The  general  expression  for  the  autocorrelation  function  in  the  frequency  domain  is 
obtained  from  the  fundamental  expression  for  the  scattered  field  (Equation  (1))  by  forming 
the  product  E(oj)  E*(co  +  Auj)  and  normalising  this  by  |E(oj)  j 2  . 

This  derivation  is  analogous  to  that  used  in  connection  with  field  strength  spatial 
correlation  properties  to  be  discussed  shortly.  It  will  be  seen  that  the  correlation  of 
field  strength  with  spaced  antennas,  as  well  as  that  of  field  strength  with  spaced 
frequency,  is  obtained  by  a  simple  Fourier  transformation  of  the  angular  power  spectrum, 
i.e.,  a  Fourier  transformation  of  the  refractive  index  spectrum  0(K)  . 

4.4  Field  Strength  Spatial  Correlation  Properties  of  a 
Scattered  Radio  Wave 

In  this  section  attention  is  focused  on  the  spatial  field  strength  correlation  properties 
of  a  scattered  wave.  We  have  a  wide  beam  transmitter  radiating  its  power  essentially  in 
a  horizontal  direction.  The  scattered  wave  resulting  from  this  transmitter  impinges  on 
two  nearly  identical  wide  beam  receiving  antennas  positioned  beyond  the  horizon  relative 
to  the  transmitter.  The  receiving  antennas  are  placed  a  distance  £  wavelengths  apart 
along  a  direction  which  may  be  horizontal  or  vertical  but  is  always  normal  to  the  line 
joining  the  transmitter  and  the  receivers.  We  want  to  calculate  the  complex  e.m.f. 
(pre-detection)  induced  in  these  antennas. 


At  an  instant  t  the  complex  field  strength  from  the  direction  a  (where  a  is 
measured  in  a  plane  containing  the  transmitter  and  the  two  receiving  antennas)  is  taken 
to  be  E(S, t)  dS  at  the  mid-point  of  the  receiving  antenna  baseline.  Here  S  =  sin  a  . 


The  complex  e.m. f. 


induced  in  the  two  antennas  from  this  direction  is  thus  given 
det  ~  E(S,  t)  e'j77fs  ds' 

" 


by 


(24) 


de2  ~  E(S,  t)  e  +  l77f  8  dS  J  . 

Integrating  over  all  values  of  S  we  obtain  the  total  e.m.f.  in  the  two  antennas: 

e1  ~  f  E(S,  t)  e'j7Tfs  dS 

e2  ~  f E(S,t)  e+j7TfsdS  . 

The  normalised  complex  correlation  of  these  two  voltages  is  thus 


R(s') 


e  Ie2 


J  |  E(S)  | 2  e~J  ds 
/ | E(S) | 2  dS 


(25) 


(Bars  refer  to  time  averaging. ) 

Equation  (25)  states  that  the  spatial  autocorrelation  function  R(^)  of  field  strength 
is  the  Fourier  transform  of  the  angular  power  spectrum. 
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Note,  again,  that  if  £  is  measured  along  a  horizontal  direction,  the  angle  of  arrival 
spectrum  is  measured  in  a  horizontal  plane.  If  f  is  measured  vertically,  the  angle  of 
arrival  spectrum  is  measured  in  the  vertical  plane. 

Thus  from  horizontal  and  vertical  correlation  measurements  (averaging  in  time)  we  obtain 
exactly  the  same  information  as  that  which  would  be  obtained  from  an  experiment  using  one 
directional  antenna  swinging  the  beam  in  azimuth  and  elevation  respectively. 

Having  obtained  the  required  relationship  between  the  refractive  index  structure  and 
the  angular  spectrum  of  the  scattered  wave,  and  also  the  relationship  between  angular 
power  spectrum  and  spatial  field  strength  correlation,  we  are  in  the  position  to  present 
definite  and  practical  results  regarding  the  field  strength  correlation  distance  as  measured 
by  ground-based  spaced  receivers. 

We  shall  first  consider  an  isotropic  refractive  index  structure.  Specifying  the  angle 
of  arrival  of  a  particular  scattered  wave  by  an  elevation  angle  a  (relative  to  the  line 
joining  the  transmitter  T  and  the  receivers  R)  and  an  azimuth  angle  f$  relative  to  the 
great-circle  plane  through  T  and  R  ,  we  can  write  the  scattering  angle  6  as15 

e  ~  (/82  +a2) 1/2  ,  (26) 

such  that  the  angular  power  spectrum  in  accordance  with  Equation  (2)  becomes 

P(a,/S)  ~  (/fi2  +a2)‘n,/2  .  (27) 

Note,  then,  that  in  order  to  calculate  the  correlation  properties  of  the  field  strength 
with  horizontally  spaced  antennas,  we  shall  have  to  take  the  Fourier  transform  of  the 
P(/3)  angular  spectrum,  whereas  vertically  spaced  antennas  require  a  Fourier  transformation 
of  the  P(a)  spectrum. 

In  order  to  be  in  closer  contact  with  the  physics  of  the  problem  throughout  the 
mathematical  manipulations,  let  us  briefly  consider  a  simple  approximate  method  by  the 
application  of  which  the  field  strength  correlation  distance  can  be  calculated.  The 
correlation  distance  we  define  as  the  antenna  spacing  required  for  the  correlation 
coefficient  to  drop  to  1/e. 

We  have  already  noted  the  close  relationship  between  angular  power  spectrum  and  field 
strength  correlation. 

Diverting  for  a  moment  to  some  fundamental  relationships  applicable  to  antenna  problems, 
some  striking  similarities  are  readily  seen. 

We  know  that  the  angular  power  spectrum  (antenna  radiation  pattern)  of  an  antenna  is 
the  Fourier  transform  of  the  illuminating  field  strength  distribution  over  the  antenna 
aperture.  For  a  rectangular  illumination  function,  the  3  dB  width  of  the  resulting  angular 
power  spectrum  is  given  by 


0.  88\ 


where  L  is  the  width  of  the  illuminating  field  strength  distribution19. 


Applying  these  results  to  our  problem,  we  have  that  the  3dB  width  of  the  scattered 
beam,  as  measured  in  the  vertical  plane,  is  given  by 


(29) 
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where  a1/2  is  the  3dB  beamwidth  and  ao  =  d/2a  ,  where  d  is  distance  between  trans¬ 
mitter  and  receiver  and  a  is  the  radius  of  the  earth.  Solving  for  a!/2  and  substituting 
this  in  Equation  (28),  we  have 


Ly  _  0.44  a 

X  iV(2)  -Id' 


(30) 


In  order  to  find  an  appioximate  expression  for  the  horizontal  correlation  distance,  we 
use  the  same  approach  as  before,  now  in  terms  of  the  angular  power  spectrum  as  measured  in 
the  horizontal  plane. 


We  then  find  that  the  correlation  distance  is  given  by 


Lh  _  0.44  a 

T  ~  (nv(4)  -  l)1/2  d  ' 


Note  that  the  result  of  Equations  (30)  and  (31)  are  in  very  good  accord  with  the  result 
based  on  rigorous  Fourier  transformations  of  the  angular  power  spectra. 

So  far  we  have  limited  our  attention  to  the  isotropic  case;  let  us  finally  include  the 
more  general  situation  of  anisotropy. 


Referring  to  Reference  15  for  details,  we  write  the  refractive  index  spectrum  in  the 
form 


<*>(|k|,7)  -  Ik 


(my/90) 


where  y  is  the  direction  of  K  relative  to  the  vertical  direction  and  m  is  a  measure 
of  the  degree  of  anisotropy.  We  see  that  when  K  is  vertical  <p(K)  ~  K’n  ,  whereas  when 
K  is  horizontal  (i.e. ,  scattering  takes  place  in  a  horizontal  plane)  <£( K)  ~  K‘n  +  01  . 

It  can  be  shown15  that  the  angle  y  is  given  approximately  by  tan  y  =  /3/(Ct  +  <xQ)  . 

We  see  that  the  vertical  correlation  distance  is  not  affected  by  the  anisotropy,  whereas 
the  horizontal  correlation  of  field  strength  is  given  by 

/a2  +  /32\  -i  [n+(nry/90) 

R(<fH)  =  Fourier  transform  of  -5 — , — 

\  *5  I 

This  expression,  however,  does  not  readily  lend  itself  to  approximate  solutions.  A 
procedure  involving  direct  numerical  Fourier  transformation  is  therefore  necessary20. 


4.3  Antenna  Gain  Degradation  in  Scatter  Propagation 

When  calculating  the  power  received  over  a  scatter  path,  knowledge  about  the  antenna 
gain  is  a  requirement  (see,  for  example,  Equation  (16)).  From  basic  antenna  theory,  we 
know  that  the  antenna  gain  is  proportional  to  the  antenna  aperture  (G  =  4nA/k2).  When 
dealing  with  large  antennas  in  connection  with  scatter  propagation,  however,  this  linear 
relationship  is  not  fulfilled.  If  the  antenna  aperture  is  increased  hy  a  factor  k  , 
the  received  power  is  in  general  increased  by  a  factor  which  is  less  than  k  .  This 
apparent  gain  degradation  is  commonly  referred  to  as  antenna-to-medium  coupling  loss21. 

The  phenomenon  can  be  explained  in  several  different  ways  (see,  for  example,  References 
22  and  23).  One  may  base  the  discussion  on  the  width  of  the  angular  power  spectrum  of  the 
scattered  wave  relative  to  angular  reception  capability  of  the  receiving  antenna,  or  one 
may  base  the  argument  on  the  scattered  field  strength  spatial  correlation  properties  over 
the  receiving  aperture.  In  this  review  we  shall  discuss  the  latter  method,  briefly  to 
illustrate  the  principles  involved  rather  than  to  seek  an  expression  of  optimum  accuracy. 
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Basing  the  discussion  on  the  results  of  Section  4.  4,  we  note  that,  at  the  receiving 
site,  the  area  (normal  to  the  direction  of  propagation)  over  which  the  field  strength  is 
correlated  is  given  by  LyLH  .  This  area  may  then  be  considered  as  being  the  effective 
receiving  antenna  aperture,  provided  the  actual  aperture  is  larger  than  LyLH.  If  the 
actual  aperture  area  D2  <  LyLH  ,  we  do  not  experience  a  gain  degradiation.  The  effective 
antenna  gain  is  thus 


G 


eff 


477LyLH 

~ A2” 


whereas  the  plane  wave  gain  is 


The  gain  loss  is  thus 


G 


L 


D 

lvlh 


G 


47rP2 

T2" 


5  [n/(2)  -  l3  [n/(4)  -  l]1/2  D2  . 
(a/d)  2  A2 


(32) 


We  see  that,  if  n  is  large  (narrow  0(K)  function),  the  correlation  area  is  large  and 
thus  the  real  aperture  is  realised,  giving  no  coupling  loss.  If  we  use  a  typical  value 
for  n  ,  for  example  r  -  4  ,  the  expression  for  the  gain  loss  red  ices  to 


G 


L 


0.65 


D2 

(a/d)2  \2 


(33) 


This  expression  is  in  good  agreement  with  experimental  results  (see,  for  example,  Reference 
24)  provided  the  ratio  between  the  scattering  angle  a/d  and  the  beamwidth  A./D  is  larger 
than  approximately  2. 


4.6  Time  Dependence  of  a  Scattered  Radio  Wave 

Up  to  this  point  we  have  not  concerned  ourselves  with  time  variations  of  the  refractive 
index  field.  We  shall  now  study  the  time  fluctuations  of  the  electromagnetic  wave  received 
via  a  scattering  medium  in  the  troposphere.  We  have  previously  shown  that  it  is  irregulari¬ 
ties  (scattering  elements)  in  the  troposphere  of  linear  extension  277 /K  (where  K  =  h,  -  It  ) 
that  contribute  to  the  power  density  at  the  receiver.  Consider,  now,  one  such  scattering 
element  within  the  scattering  volume.  This  element  is  generally  in  motion  (velocity  V)  , 
giving  rise  to  a  Doppler  shift  of  a  ,  the  radio  wave  scattered  from  the  element. 


If  k,  be  the  wavenumber  of  the  wave  incident  on  the  scattering  element  and  k  be  the 

1  S 

wavenumber  of  the  scattered  wave,  the  Doppler  shift  of  this  scattered  wave  is  given  by 


F 


—  (hi  -ks> 

277  1  S 


V  . 


(34) 


We  see,  then,  that  the  scattering  elements  give  rise  to  different  Doppler  shifts, 
depending  on  the  position  of  the  element  in  question  (determined  by  kj-kg)  within  the 
scattering  volume  and  depending  on  the  velocity  of  this  element.  The  power  density  at  the 
receiver  is  thus  a  result  of  a  number  of  electromagnetic  waves  having  random  mutual  phase, 
different  frequency  and,  in  general,  different  amplitude.  This  situation  leads  to  fading. 

Obviously,  then,  It  is  the  width  of  the  Doppler  spectrum  that  is  of  importance  to  the 
speed  of  fading.  The  position  of  the  Doppler  spectrum  on  the  frequency  axes  relative  to 
the  transmitting  frequency  has  no  influence  on  the  fading.  It  is  the  size  of  the  effective 
scattering  volume  (variation  in  kj-kg)  and  the  variation  in  the  velocity  of  the  various 
contributing  scattering  elements  which  has  an  influence  on  the  Doppler  spectrum  width. 
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As  regards  the  amplitude  distribution  of  the  received  signal,  it  can  readily  be  shown 
that  this  is  independant  of  the  shape  of  the  Doppler  spectrum  and  of  the  position  of  this 
on  the  frequency  axes.  Indeed,  the  amplitude  distribution  is  affected  only  by  the  number 
of  incoherent  scattering  elements  present.  If  this  number  is  larger  than  5-6,  the  amplitude 
distribution  is  a  Rayleigh  distribution. 

Returning  then  to  the  Doppler  spectrum,  it  can  be  shown  on  the  basis  of  Equation  (34) 
(Reference  9)  that  the  width  of  this  is  given  by 

2 

SF  =  -  (\/3  +  SV(y)£>)  ,  (35) 

A. 

where  [i  is  the  beamwidth  (if  this  is  large  we  shall  have  to  use  the  effective  beamwidth 
/&eff)  and  Sv  is  the  deviation  from  the  mean  velocity  V  of  the  scattering  elements.  The 
angle  y  specifies  the  direction  of  kr  -  ks  relative  to  the  vertical  direction  and  S 
is  the  scattering  angle.  If  the  scattering  takes  place  in  a  great-circle  plane,  then 
7=0  and  it  is  the  vertical  component  of  the  fluctuating  air  velocity  that  is  influencing 
the  fading  speed.  Note  that  the  mean  velocity  V  in  Equation  (35)  is  the  cross-path 
velocity  component. 

4.7  Backscatter  in  Relation  to  Forward  Scatter 

In  the  preceeding  discussions  we  have  not  explicitly  stressed  the  difference  between 
forward  scatter  and  pure  backscatter.  The  expressions  derived,  however,  are  in  most  cases 
perfectly  general  and  their  application  is  not  limited  to  small  values  of  the  scattering 
angle  6  .  Thus  the  case  of  backscatter  where  the  scattering  angle  6  -  v  does  not 
constitute  a  singularity.  In  order  to  illustrate  the  difference  between  forward  scatter 
and  backscatter  from  the  point  of  view  of  the  influence  of  a  given  atmospheric  irregularity 
structure  on  the  scattered  radio  power,  the  expression  for  the  scattering  cross-section, 
as  presented  in  Equation  (9),  may  conveniently  form  the  basis. 

Substituting  for  Q  -  v  in  Equation  (9)  we  find  that  the  scattering  cross-section  for 
backscatter  is  given  by 

CTBack  =  0.03Cn?  \'1/3  .  (37) 

Thus  the  ratio  of  the  forward  scattering  cross-section  and  that  associated  with  backscatter 
is  given  by 


-  =  (sin  (9/2)  - 1 1 ' 3  .  (38) 

CTBack 

This  expression  states  that,  for  a  given  path  length  (range),  the  bistatic  situation 
leads  to  a  scattered  power  intensity  which  is  several  orders  of  magnitude  larger  than  that 
corresponding  to  a  situation  where  the  transmitter  and  the  receiver  are  located  at  the 
same  point. 
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SUMMARY 


This  contribution  refers  to  a  more  detailed  study  of  the  effect  of  weather 
disturbances  upon  scatter  links,  including  medium-dependent  tropospheric 
side-scatter.  Fundamental  results  may  be  found  in  the  author’ s  previous  work 
on  the  subject. 

New  results  to  be  presented  in  this  contribution  concern  a  thorough 
theoretical  analysis  of  possible  effects  of  frontal  disturbances  passing 
through  a  scatter  volume  as  well  as  a  general  comparison  of  side-scatter 
data.  Amorr,  them  are  those  obtained  by  another  experimental  scatter  link, 
employing  quasi-backscatter  signals  of  a  tropospheric  scatter  volume.  A 
detailed  contribution  on  this  subject  by  R. Menzel  and  Kh.  Rosenbach  appears 
elsewhere  in  this  volume. 

A  theoretical  analysis  of  parameters  affecting  the  strengths  of  signal 
attenuation  caused  by  certain  weather  situations  yields  values  corresponding 
to  the  Kolmogorov-Obukhov  “two-thirds-law”,  generally  accepted  for  the 
interdependence  of  turbulence  scale  and  the  mean  square  of  velocity 
differences.  The  resultant  expression  contains  the  general  temperature 
structure  and  permits  an  explanation  of  seasonal  effects  found  experimentally 
and  reported  upon  by  the  author  in  the  EPC/AGARD  Symposium  in  1967. 

The  good  agreement  between  theoretical  and  experimental  values  is 
illustrated  by  new  experimental  data,  Including  additional  scatter  links 
which  also  form  part  of  the  overall  research  programme. 

In  conclusion,  the  paper  mentions  new  aspects  of  forecasting  weather- 
dependent  conditions  interfering  with  a  normal  behaviour  of  tropospheric 
sea*1  '  links. 
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THEORETICAL  ANALYSIS  OF  MEDIUM-DEPENDENT  FLUCTUATIONS 
WITH  TROPOSPHERIC  SCATTER  LINKS,  AND  COMPARISON  WITH 
NEW  EXPERIMENTAL  DATA,  INCLUDING  SIDE- SCATTER  CHARACTERISTICS 


H.  J.  A1  brecht 


1.  INTRODUCTION 

The  problem  of  scatter  propagation  by  means  of  scatter  volumes  in  the  troposphere  has 
been  dealt  with  by  a  large  number  of  authors  in  equally  numerous  papers  during  two  decades. 
Only  a  few  items  seem  to  be  unsolved  at  this  juncture,  and  these  aspects  all  appear  to  be 
connected  with  the  meteorological  structure  of  the  troposphere,  with  represents  an  equally 
difficult  subject. 

One  of  the  problems  still  existing  is  the  predictability  of  the  diurnal  variation  of 
field  strength.  This  may  vary  by  more  than  20  dB.  However,  a  reasonably  reliable  method 
of  prediction  requires  adequate  knowledge  of  physical  processes  causing  changes  in  the 
propagation  medium.  Historically,  the  majority  of  the  earlier  research  papers  on 
tropospheric  scatter  propagation  by  Booker  and  Gordon,  Villars  and  Weisskopf,  Megaw1'3 
and  others  all  mention  certain  assumptions  with  regard  to  the  behaviour  of  the  medium. 

In  quite  a  few  cases,  experimental  data  on  the  meteorological  parameters  have  been  dealt 
with.  They  are  useful  as  long  as  the  methods  of  measurement  permitted  by  the  characteristics 
of  the  medium  yield  adequately  representative  information. 

This  paper  aims  at  a  further  discussion  of  relevant  parameters.  It  is  based  on  the 
author’s  previous  papers  on  the  subject  and  presents  some  new  results.  A  previous 
contribution  dealt  with  the  conditions  to  be  fulfilled  by  a  scatter  link  for  a  turbulent 
scatter  mechanism  to  exist".  Thus  the  mechanism  within  an  effective  scatter  volume 
located  above  hilly  terrain  and  with  its  lower  portion  within  the  planetary  boundary  layer 
may  be  considered  turbulent.  Other  papers  presented  statistical  results  on  the  effect  of 
weather  disturbances  on  a  scatter  volume5,  on  a  phenomenological  method  of  predicting  such 
changes6,  as  well  as  on  related  subjects7. 

The  present  contribution  mentions  some  of  the  effort  undertaken  by  the  Department  of 
Telecommunications  at  Werthhoven  towards  determining  the  effect  of  medium- dependent 
variations  by  using  quasi-forward  and  side-scatter  links  on  different  frequencies. 


2.  THEORETICAL  ANALYSIS  OF  TROPOSPHERIC  EFFECTS 

Based  upon  the  concept  of  a  well-defined  region  up  to  an  altitude  of  1  or  2  km  above 
land  surface,  the  so-called  planetary  boundary  layer,  the  effective  scatter  volume  may 
be  considered  to  be  limited  by  it.  Depending  upon  the  roughness  of  the  earth’s  surface, 
this  upper  limit  of  the  effective  volume  may  reach  3  to  4  km  if  no  abrupt  discontinuity 
is  assumed. 

In  an  attempt  to  investigate  medium  effects  upon  scatter  propagation,  clearly  defined 
changes  of  meteorological  conditions  were  carefully  monitored  and  interpreted  in  their 
effect  upon  scatter  links5.  In  order  to  reduce  the  ambiguity  in  the  analysis,  particular 
attention  has  to  be  paid  to  the  type  of  meteorological  effect  selected.  If  anticyclonic 
high  pressure  conditions  are  considered  representative  of  an  undisturbed  behaviour,  the 
passage  of  a  cyclonic  system  through  the  e  ffective  scatter  volume  may  be  assumed  to  cause 
a  disturbance  which  may  also  be  recognised  and  interpreted  in  a  definite  way.  Of  the 
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frontal  system  accompanying  a  cyclone,  the  cold  front  is  the  more  suitable  part,  due  to 
its  relatively  definite  behaviour.  It  should  be  emphasised  generally  that  the  selection 
of  typical  conditions,  of  text-book  appearance,  is  important  when  using  such  medium  changes 
caused  by  nature. 


As  has  already  been  published,  cold  fronts  were  found  to  cause  definite  and  unambiguous 
changes  to  an  effective  scatter  volume  if  its  altitude  and  the  ground  underneath  fulfilled 
the  conditions  representative  of  a  predominantly  turbulent  scatter  mechanism4.  The  passage 
of  fronts  in  general,  and  cold  fronts  in  particular,  is  connected  with  a  decrease  in 
field  strength.  Correlation  studies  concerned  with  the  amount  of  signal  change  and  the 
relevant  frontal  parameters,  yielded  a  particularly  good  result  with  frontal  age,  which 
may  be  expressed  in  terms  of  an  appropriate  scale6. 

Side- scatter  experiments  have  shown  a  general  tendency  of  signal  increase  coincident 
with  frontal  passage  at  a  location  situated  at  a  scatter  angle  towards  the  back  of  the 
scatter  volume.  Changes  in  field  strength  may  be  attributed  to  dimensional  variations 
of  turbulence  blobs,  i.e.  an  abrupt  decrease  in  the  scale  of  turbulence7. 

In  a  recent  contribution,  the  author  presented  a  theoretical  approach  based  on  concepts 
of  dynamic  meteorology8.  The  front  was  assumed  to  be  represented  by  an  inclined  dis¬ 
continuity  passing  through  the  scatter  volume,  with  conditions  as  indicated  in  Figure  la. 


If  vx  ,  vy  ,  vz  represent  the  velocity  of  air  in  the  three  directions  and  if  suffixes 
1  and  2  indicate  the  warm  air  above  and  the  cold  air  below  this  inclined  boundary  layer, 
respectively,  an  expression  may  be  found  for  the  angle  of  inclination  a  ,  in  terms  of 
tan  a  (Ref.  9) 


Considering  the  Coriolis  force, 


tan  a 


2a/T  sin<p  Vy j  -  vyl 

*  Ti  "  T2  ' 


(3) 


where  c p  =  geographical  latitude 


to  =  angular  velocity  of  point  on  earth 
g  =  acceleration  of  gravity. 


Equation  (3)  represents  the  conditions  of  a  cold  front  which  may  be  considered  stationary; 
this  well-known  Margules  Equation  is  valid  if  the  difference  in  wind  velocity  along  the 
y-axis  is  a  decisive  factor.  Extending  the  theoretical  approach  used  previously8,  the 
following  expression  is  obtained  for  a  non-stationary  front: 


tan  (Xj 


^  2oj  sin cp  (vy;  -  vyl)  -  (vx2  -  vxl) 
g(AT/T)-  vzl 


(4) 


Provided  that 


AT 

g —  »  vr,  tan  a 

fji  A  1 


(Ref.  10)  and  v%2 


=  -  vxl  (Ref.  11), 
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at 

vxi  =  “  <tan  a  -  tan  ai> 


or 

AT 

v..  =  g —  (tan  a  -  tan  a.) 
xc  2  T  1 


(5) 


(6) 


after  G.  Sttlve12. 

As  far  as  general  turbulence  is  concerned,  the  so-called  “two- thirds- law”  by  Kolmogorov- 
Obukhov13-14, 


(v2-v,)2  a  l2'3  , 


(7) 


may  be  considered  representative, 
with  l  =  scale  of  turbulence 

vi  •  v2  =  winc*  velocities  at  two  points. 

Turbulence  blobs  responsible  for  the  scatter  mechanism  are  found  within  a  range  of  sizes 
which  is  limited,  at  its  upper  end,  by  eddies  produced  by  external  energy  and,  at  its 
lower  end,  by  the  conversion  to  thermal  energy  with  the  smallest  turbulence  cells.  This 
lower  value  is  connected  to  the  so-called  micro-scale  of  turbulence  IQ  ,  defined  by 
G.  I.  Taylor15.  It  is  a  function  of  the  kinematic  viscosity  and  heat  conversion,  which  is 
proportional  to  the  wind  velocity  V.  R.J.  Taylor  computed  this  length  dimension  from  the 
shearing  effect  of  the  wind16  while  the  expression  was  completed  by  T.  B.  MacCready17 : 


C. H. B. Priestley  used  a  compilation  of  several  data18  to  derive  l0  as  a  function  of 
altitude  with  a  wind  velocity  assumed  to  be  5  m/sec.  This  yields  Cj  =  0.184  as  a 
value  of  the  constant  in  Equation  (8)  for  an  altitude  of  1000  m. 

With  reference  to  the  previous  paper  on  the  use  of  a  cyclonic  age  scale4,  the  changes 
of  the  angle  of  inclination  during  the  period  of  life  of  a  weather  front  may  be  expressed 
in  terms  of  age  “A",  shown  in  Figure  1(b).  Following  general  assumptions  in  meteorological 
work,  this  angle  may  be  assumed  to  increase  from  about  0.5°  to  1°  in  the  effective  portion 
of  the  inclined  boundary  layer.  If  this  variation  is  considered  linear  we  obtain 


«  =  a0  -  kt  , 


(9) 


where  aQ  = 

0.0175  rad 

t  = 

5.0  -  A 

A  = 

frontal  age 

k  = 

1.85  x  10'3 

Combining  Equations  (3)  and  (7',  the  predominant  scale  of  turbulence  may  be  expressed 
as  a  function  of  the  relative  frontal  age8.- 

("at  g[a0  -  k(5. 0  -  A)] 


2coc  sin  <p 


(10) 
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With  the  introduction  of  some  constants,  and  assuming  AT  to  be  constant  (=  6°C)  , 


l  ~  1.46  x  104 


46  -  A~|  3 
T 


(11) 


with  c  =  40  .  cp  =  50°  . 

On  the  other  hand,  Equations  (5)  and  (6)  may  be  integrated  to  yield  an  expression  for 
the  difference  of  air  velocity  in  the  x  direction: 

At 

<vxi-vx2>  =  S—  k(5.0-A)2.  (12) 

Figure  2  illustrates  the  scattering  of  values  of  l  derived  from  measured  values  about 
the  theoretical  curve  given  by  the  scatter  coefficient  due  to  Booker  and  Gordon.  In 
addition,  Equations  (8)  and  (12)  yield  an  increase  of  lQ  for  increasing  A  ,  which  also 
corresponds  to  the  behaviour  shown  by  experimental  data.  Reasonable  agreement  is  shown 
for  the  entire  curve  in  Figure  2,  although  the  theoretical  method  should  yield  somewhat 
unreliable  data  for  smaller  eddies. 


3.  ADDITIONAL  EXPERIMENTAL  DATA 

More  experimental  data  refer  in  particular  to  side-scatter  measurements  on  a  quasi¬ 
forward  scatter- link  on  900  MHz  and  to  side-scatter  data  obtained  by  means  of  a  vertical 
scatter  system  on  140  MHz,  both  operated  by  the  Department  of  Telecommunications, 
Forschungsinstitut  flir  Hochfrequenzphysik,  Werthhoven.  Figure  3  depicts  the  systems  used 
to  gain  forward  scatter  and  side-scatter  data  on  different  frequencies.  Figure  3(a)  shows 
the  quasi-forward  scatter  link  with  a  secondary  receiving  terminal  almost  underneath  the 
scatter  volume.  In  Figure  3(b)  a  vertical  scatter  sonde  is  depicted,  with  quasi -backscatter 
reception  at  locations  particularly  suitable  for  this  type  of  research  work.  Figure  4 
shows  the  geographical  relationship. 

As  an  evaluation  aid,  the  nomogram  shown  in  Figure  5  has  been  constructed  for  the 
scatter  coefficient.  The  frequency  on  the  left-hand  side  and  the  scale  of  turbulence 
indicated  along  diagonal  lines  permit  the  l/\  ratio  to  be  found  on  the  bottom  scale. 

On  the  other  hand,  the  vertical  line  from  this  value  intersects  with  the  scatter  angle 
at  which  the  scatter  coefficient  is  required.  This  is  further  calculated  by  a  horizontal 
line  from  the  last- mentioned  intersection  to  the  outer  right-hand  scale  and  then  with 
the  nomogram  built  into  the  net:  the  connecting  line  between  the  appropriate  point  on 
the  outer  right-hand  scale  and  the  frequency  on  the  left-hand  scale  cuts  the  inner  vertical 
scale  at  the  desired  value  of  scatter  coefficient  (calculated  for  two  different  values 
of  An),  which  may  also  be  determined  relatively  on  its  dB  scale  with  an  arbitrary  zero. 

This  chart  was  constructed  to  allow  a  quick  estimate  on  average  conditions;  it  has  been 
used  successfully.  The  scatter  volume  can  be  determined  by  the  usual,  approximate 
methods,  limiting  the  effective  scatter  volume  to  a  maximum  altitude  of  3  to  4  km. 

With  regard  to  the  vertical  scatter  system  on  140  MHz,  in  this  paper  use  will  be  made 
of  some  data  only,  since  a  detailed  description  of  the  system,  and  first  results  obtained 
on  diffraction  and  scatter  paths,  is  the  subject  of  a  contribution  by  R.  Menzel  and 
Kh.Rosenbach  in  this  volume19. 

Particular  attention  has  again  been  paid  to  the  passage  of  cold  fronts.  A  signal 
decrease  by  2  dB  in  the  quasi-forward  direction  coincided  with  a  signal  increase  of  9  dB 
at  a  secondary  receiving  terminal  on  900  MHz  and  with  a  signal  increase  of  2.  5  dB  at  a 
side-scatter  terminal  of  the  140  MHz  system.  Taking  all  factors  into  account,  these 
changes  would  yield  a  change  in  the  predominant  scale  of  turbulence  from  2  to  1  m.  On 
the  other  hand,  on  another  occasion  a  similarly  small  change  in  the  forward  direction  was 
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accompanied  by  a  5  dB  increase  at  its  secondary  terminal  and  by  a  2  dB  increase  on  the  other 
frequency,  thus  yielding  a  change  from  perhaps  4  to  2  m.  In  contrast,  another  frontal 
passage  yielded  a  signal  decrease  by  5  dB  in  the  quasi-forward  direction  and  an  increase 
of  10  dB  at  the  appropriate  secondary  receiving  location,  thus  indicating  a  change  from 
a  normal  scale  of  turbulence  of  2  m  down  to  about  30  cm  or  from  1  m  down  to  about  10  cm. 


4.  GENERAL  INTERPRETATION  OF  RESULTS 

Summarising  the  results  described  in  this  paper,  and  those  mentioned  in  the  author’s 
previous  contributions,  the  effect  of  cold  front  passages  through  a  scatter  link  ful¬ 
filling  the  conditions  of  a  turbulent  scatter  mechanism  has  been  shown  to  coincide  with 
changes  in  the  predominant  scale  of  turbulence.  The  theoretical  analysis  has  yielded 
feasible  results  and  reasonable  agreement  between  measured  and  calculated  data,  if 
turbulence  within  the  actual  boundary  layer  between  warm  and  cold  air  can  be  considered 
essential.  On  the  other  hand,  there  is  the  possible  explanation  of  strong  ascending  and 
descending  winds  within  thunder  clouds*  accompanying  cold  fronts6. 

There  is  reason  to  believe  that  changes  in  field  strength  effective  upon  a  diurnal 
variation  of  this  parameter  generally  coincide  with  changes  in  the  scale  of  turbulence, 
again  lower  field  strength  correlating  with  the  predominant  existence  of  small  turbulent 
blobs.  However,  smaller  turbulent  blobs  are  connected  with  an  abrupt  change  in  the  polar 
diagram  of  the  scatter  mechanism,  such  that  these  blobs  display  a  more  omni-directional 
pattern.  With  regard  to  this  condition  having  a  somewhat  stimulating  effect  upon  the 
occurrence  of  multiple  scattering,  the  amount  of  intermodulation  on  a  scatter  link  would 
thus  increase  with  lower  field  strength.  On  the  other  hand,  such  a  negative  correlation 
between  field  strength  and  interraodulation  is  mentioned  in  relevant  literature20  and  was 
recently  confirmed  for  the  900  MHz  scatter  link  by  F.  Schmitt  of  the  Department  of 
Telecommunications  at  Werthhoven2 l. 

It  would  be  of  interest  to  compare  the  results  obtained  here  with  those  gained  by 
several  research  workers  in  radar  measurements  of  tropospheric  backscatter22 ,23,  provided 
that  sufficient  data  material  were  available  for  the  types  of  weather  disturbances 
discussed  in  this  paper.  In  this  connection,  the  rather  high  frequency  (usually  around 
3  GHz)  may  be  considered  a  disadvantage  on  account  of  precipitation  and  not  turbulence 
causing  the  backscatter.  Also,  attention  should  always  be  paid  to  meteorological 
measurements  in  the  altitude  range  of  the  actual  volume  and  not  to  those  taken  at  standard 
altitude  of  2  m  above  the  ground. 


5.  PREDICTION  OF  FIELD  STRENGTH  IN  SCATTER 
LINKS 

In  a  further  extension  of  the  prediction  method  already  published6,8,  more  accurate 
forecasts  may  be  obtained  by  determining  the  predominant  value  of  turbulence  scale  by 
Equations  (10)  and  (11),  or  (8)  and  (12),  and  substituting  this  value  into  appropriate 
approximate  methods  of  calculating  the  scatter  coefficient,  from  which  the  signal  received 
may  be  determined. 

Existing  scatter  theories  differ  only  slightly  in  their  power  spectra  if  they  are 
referred  to  the  accuracy  of  measurement  obtainable  with  modern  methods.  The  frequent  use 
of  the  approach  by  Booker  and  Gordon1  thus  appears  to  be  justified  for  the  purpose  of 
this  work. 


Suggested  by  H  J.aufm  Kampe,  see  Reference  4. 


16-6 


6.  CONCLUSIONS 

The  present  paper  contains  several  new  results  on  medium  effects  upon  tropospheric 
links.  Among  these,  changes  in  the  medium  coincident  with  field-strength  variations  and 
the  prediction  of  such  conditions  are  of  particular  interest,  while  some  other  relevant 
parameters  may  also  be  explained  by  tie  results  shown.  Investigations  are  continuing 
and  more  data  will  be  presented  at  some  future  date. 
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Fig.  4  Tropospheric  scatter  links 


Fig. 5  Nomogram  for  scatter  coefficient 
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SUMMARY 


A  microwave  propagation  experiment  has  been  established  on  a  line-of- 
sight  path  equipped  with  extensive  meteorological  instrumentation  to  show 
quantitatively  the  effect  of  the  atmospheric  scatterers  on  the  microwave 
statistics.  A  particular  microwave  technique  is  used  at  10.4  GHz  which 
resolves  the  received  microwave  field  into  its  phase  quadrature  components 
to  provide  the  statistics  of  the  incoherent  scattered  field  directly, 
since  these  are  the  quantities  sensitive  to  the  atmospheric  fluctuations. 
The  effect  of  the  sphericity  of  the  wavefronts  over  the  scatterers  pro¬ 
vides  an  additional  descriptive  parameter. 

The  usefulness  of  the  technique  in  scattering  work  is  to  pin  down  the 
statistical  model  of  the  scattered  field,  e.g. ,  over  a  3.57  km  path  it 
shows  that  the  incoherent  scattered  field  lies  almost  entirely  at  a  phase 
angle  of  ±90°  to  the  coherent  field  and  is  also  normally  distributed. 

The  meteorological  instrumentation  is  unique  in  that  integrated 
measurements  are  made  of  the  defining  refractivity  parameters;  i.e. ,  (i) 
an  infrared  transmissometer  operating  in  absorption  bands  of  oxygen  and 
water  vapor  at  1.27  and  1.16  microns,  respectively,  measures  integrated 
dry  air  and  water  vapor  partial  densities,  and  (ii)  a  microwave  trans¬ 
missometer  operating  in  the  22.2  (Hz  water  vapor  band  measures  the 
integrated  water  vapor  density-to-temperature  ratio.  Such  integrated 
data  admit  to  direct  comparison  with  the  10.4  GHz  near  field  scattering 
effects.  More  conventional  meteorological  instrumentation  is  also 
utilized. 
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PHASE  QUADRATURE  COMPONENTS  OF  THE  MICROWAVE  SCATTERED  FIELD 
IN  A  SHORT  TROPOSPHERIC  PATH  AS  RELATED  TO  THE 
METEOROLOGICAL  PARAMETERS 

C. I. Beard,  W.T.Kreiss,  and  W.G. Tank 


t.  INTRODUCTION 

To  study  the  scattering  of  electromagnetic  waves  by  atmospheric  turbulence,  a  combined 
experiment  has  been  set  up  in  which  meteorological  measurements  of  the  atmospheric  struc¬ 
ture  and  its  statistics  are  taken  simultaneously  with  the  radio-wave  statistics.  A 
particular  microwave  technique1,  new  to  line-of-sight  atmospheric  measurements2,  is  being 
used  at  10.4  (Hz;  it  can  observe  the  statistics  of  the  phase  quadrature  components  of  the 
incoherent  scattered  field  directly  and  is  sensitive  to  the  effects  of  spherical  wavefronts. 
The  measured  microwave  scattering  effects  are  being  compared  in  several  ways  with  the 
simultaneously  measured  turbulence.  With  the  understanding  so  gained,  it  is  hoped  that 
these  special  features  of  this  microwave  technique  can  be  exploited  as  a  probe  to  study 
atmospheric  turbulence  in  other  regions  of  the  atmosphere. 

In  this  experiment  three  beams  in  three  different  wavelength  regions,  2.88  cm  (10.4  GHz), 
1.26  cm  (23.8  GHz)  (Ref . 3)  and  near  infrared  (Ref. 4),  traverse  the  3.57  km  line-of-sight 
path  from  a  cleared,  grassy  field  (Fig. 1),  elevation  136  m,  to  the  952  m  top  of  a  steep 
ridge,  a  path  elevation  angle  of  13.2°. 

Operation  of  the  10.4  GHz  system  will  be  described  first,  then  the  23.8  GHz  and  infrared 
systems,  followed  by  some  of  the  preliminary  results  to  date. 


2.  DESCRIPTION 

2. 1  The  Phase  Quadrature  Technique 

Since  the  10.4  GHz  system  uses  the  same  phase  locked  equipment  described  previously5, 
only  a  brief  review,  with  the  aid  of  Figure  2,  is  given  here.  The  10.4  GHz  incoherent 
field  is  resolved  by  measuring  the  phase  quadrature  components  of  the  instantaneous  total 
received  field  (T)  at  an  instantaneous  phase  angle  6  ,  where  T  is  the  phasor  sum  of  a 
constant  coherent  field  at  a  constant  phase  angle  plus  the  random  incoherent  field  (I). 

The  mean  values  of  the  two  phase  quadrature  components  are  thus  the  components  of  the  coherent 
field;  the  fluctuations  about  the  means  are  the  two  components  of  the  incoherent  field, 
say  I:  and  I2  .  The  quadrature  axes  can  be  rotated  to  any  phase  angle  (£)  with  respect 
to  the  coherent  field;  however,  it  has  been  found  on  the  short  path  being  used  that  the 
incoherent  component  in-phase  quadrature  to  the  coherent  field  is  largest.  Therefore  for 
convenience  in  this  report  I?  will  be  called  the  component  at  phase  quadrature  with  the 
coherent  field,  and  I;  will  be  the  inphase  component,  with  cr2  and  cr2  their 
respective  variances. 

This  phase  quadrature  method  determines  several  parameters  which  may  be  useful  in 
characterizing  the  medium: 

(i)  The  statistics  of  the  phase  quadrature  components  of  the  incoherent  scattered  field 
(such  as  probability  distributions,  variances,  spectra,  correlations,  etc.). 

(ii)  The  incoherent  power  I2  =  cr2  +  ct2  . 

(iii)  K2  =  (o'2/cr2)niax  =  the  maximum  ratio  of  the  variances  of  the  phase  quadrature 
components  (K2  =  >  1)  at  whatever  value  of  £  this  occurs. 
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(iv)  The  phase  rotation  angle  (f)  of  the  axes  to  obtain  the  maximum  value  of  K2  ; 
this  is  the  rotation  angle  of  the  equiprobability  ellipse. 

To  measure  phase  it  is  necessary  to  return  a  phase  reference  from  the  ridge-top  site 
to  the  lower  site;  this  is  done  by  an  FM  219.5  MHz  link.  Terrain  scattering  is  minimized 
by  the  use  of  antennas  having  half-power  beamwidths  of  3°  and  primary  sidelobes  suppressed 
25  dB;  furthermore  one  antenna  is  pointed  upward  13.2°  at  the  path  angle  from  the  cleared 
grassy  field  (Fig. 1),  and  the  other  is  mounted  at  the  edge  of  the  steeply  sloping  ridge-top. 

2.2  23.8  GHz  and  Infrared  Systems 

If  radio  signal  statistics  are  to  serve  not  only  as  qualitative,  but  also  as  quantitative 
measures  of  atmospheric  refractivity  turbulence,  then  the  cause  and  effect  relationship 
between  the  characteristics  of  the  random  refractivity  field  and  the  random  signal  statistics 
must  be  established.  To  aid  in  this  establishment,  the  refractivity  field  characteristics 
are  measured  at  the  site  as  follows.  Radio  refractivity,  in  terms  of  atmospheric  composi¬ 
tion,  is  expressible  as 


N  =  Clpd  +  c2pw  +  c3  . 

where  N  is  radio  refractivity  (the  excess  of  refractive  index  over  unity  in  parts  per 
million),  ct  ,  c2  ,  and  c3  are  constants,  pd  and  pw  are  the  partial  densities  of  dry 
air  and  of  water  vapor,  respectively,  and  T  is  temperature.  Atmospheric  absorption  of  electro 
magnetic  energy  also  depends  on  atmospheric  composition,  with  resonant  absorption  proceeding 
according  to  the  path-integrated  partial  density  of  the  absorbing  specie,  and  off-resonance 
absorption  according  to  the  path-integrated  partial  density-to-temperature  ratio.  Resonant 
absorption  is  therefore  measured  in  an  oxygen  band  (1.27  /x)  and  in  a  water  vapor  band 
(1.16  p.)  with  an  infrared  transmissometer  to  define  the  first  two  terms  of  integrated  radio 
refractivity;  similar  measurements  are  performed  with  a  microwave  transmissometer  operating 
off  line  center  of  the  22.235  ®z  water  vapor  line  to  define  the  integrated  third  term. 

These  combined  data  define  integrated  refractivity,  one  parameter  governing  the  near  field 
signal  characteristics  of  the  10.4  GHz  phase  measurements.  Transmissometer  measurements 
therefore  isolate  the  particular  feature  of  the  atmosphere  active  as  the  causative  agent 
in  those  signal  statistics.  That  is,  it  can  be  specified  whether  turbulence  in  the  dry 
air  or  in  the  water  vapor  density  field  causes  the  10.4  GHz  signal  fluctuations  at  any 
given  time.  Measurements  verify  the  predictions  that,  in  a  neutral  atmosphere  with  a  finite 
vertical  moisture  gradient,  water  vapor  fluctuations  are  the  cause  of  10.4  GHz  signal 
fluctuations;  whereas  in  a  non-neutral  atmosphere  with  zero  moisture  gradient,  it  is 
temperature  fluctuations  that  generate  the  fluctuations  noted  in  the  10.4  GHz  signals. 

Because  absorption  depends  only  on  the  amount,  and  not  on  the  position,  of  the  absorbing 
gaseous  specie  in  the  propagation  path,  transmissometer  "instrument  response  functions”  to 
fluctuations  in  atmospheric  composition  are  specified.  Ibis  permits  interpretation  of 
integrated  partial  density  fluctuation  measurements  in  terms  of  point  statistics,  assuming 
stationarity.  Redundant  point  measurement  systems  atop  a  27  m  meteorological  tower  (Fig.l) 
are  used  to  substantiate  point  statistics  inferred  from  transmissometer  measurements. 
Three-component  wind  turbulence  measurements  are  also  performed  with  hot-wire  anemometers 
mounted  atop  the  tower. 

Although  data  collection,  reduction,  and  analysis  are  only  partly  completed,  a  number 
of  preliminary  results  can  be  reported. 


3.  RESULTS 

Standard  deviations  of  10.4  (Hz  phase  (equivalent  to  path  length  variations)  of  2.5° 
have  been  encountered,  and  the  fluctuations  are  normally  distributed.  The  sensitivity  of 
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the  10.4  tHz  system  is  illustrated  in  that  a  0. 1-N  unit  change  in  average  refractivity 
along  the  path  would  cause  a  4.5°  phase  change,  which  is  as  large  or  larger  than  the 
regularly  measured  standard  deviations.  The  total  field  amplitude  also  appears  to  be 
normally  distributed  because  the  incoherent  field  is  small. 

The  component  of  the  incoherent  field  (I2)  at  phase  quadrature  to  the  coherent  field 
possesses  a  normal  probability  distribution.  The  maximum  ratio  of  the  variances  of  the 
two  phase  quadrature  components  K2  =  cr2/cr2  .  ranging  from  14  to  60,  occurs  when  the  angle 
£  of  the  phase  quadrature  axes  is  approximately  the  angle  of  the  coherent  field,  and  shows 
that  the  incoherent  field  is  primarily  at  phase  quadrature  to  the  coherent  field.  This 
result  on  this  short,  3.57  km  path  agrees  with  the  near-field  scattering  model  of  Wheelon 
and  Muchmore6  and  is  consistent  with  observed  scale  sizes.  Previous  methods  which  measured 
only  the  magnitude  or  only  the  phase  of  the  total  received  field  are  not  sensitive  to  the 
statistical  model  of  the  incoherent  field,  as  has  been  shown1,2. 

Probability  distributions  of  the  small  in-phase  incoherent  component  are  awaiting  digital 
computation  of  the  magnetic  tapes  which  will  compensate  for  longer  term  drifts  in  6  and 
maintain  one  quadrature  axis  aligned  with  the  coherent  field.  TTiis  was  not  possible  with  the 
data  reported  herein  which  were  hand  read  from  strip  chart  records. 

Preliminary  results  also  emphasize  that  the  radio  signal  statistics  respond  to  atmospheric 
refractivity  turbulence,  and  not  to  wind  turbulence  per  se.  Generally  the  correlation 
between  simultaneous  occurrences  of  these  two  turbulences  is  good.  But  occasions  have  been 
noted  when  strong  refractivity  turbulence  occurred  with  little  wind  turbulence  and  vice 
versa,  i.e.,  in  a  neutral  atmosphere  with  zero  vertical  moisture  gradient  strong  wind 
turbulence  occurred  with  little  refractivity  turbulence,  and  hence  with  "quiet”  10.4  GHz 
signals.  In  spite  of  this  qualification,  on  the  six  days  for  which  reduced  data  are 
available,  a  proportional  increase  of  the  variance  of  the  quadrature  incoherent  component 
with  mean  wind  speed  is  found  (Fig. 3)  up  to  the  highest  wind  speed  observed  of  30  miles/ 
hour  (13.5  ms"1). 

Although  it  is  too  early  for  general  conclusions,  the  few  power  spectral  densities 
calculated  are  illuminating.  Power  density  spectra  of  the  quadrature  incoherent  field 
component  show  slopes  ranging  from  -0.5  to  -3.  Scale  size  information  extends  out  to  about 
1.5  to  2.5  decades  smaller  than  the  outer  scale  size  LQ  .  Spectral  decays  similar  to 
those  of  the  quadrature  component  have  been  observed  in  both  integrated  dry  air  and  water 
vapor  partial  density  turbulence.  Some  examples  will  be  given  to  illustrate  different 
behaviors. 

Figure  4  shows  a  relatively  simple  power  density  spectral  behavior  of  the  quadrature 
incoherent  field  component,  having  a  -2. 45  slope  on  the  log-log  plot.  The  abscissa  is  the 
frequency  of  the  fluctuations  of  the  envelope  of  the  10.4  GHz  quadrature  incoherent  field 
d2).  The  abscissa  frequency  scale  is  converted  to  a  wavenumber  scale  by  assuming  Taylor’s 
hypothesis  and  dividing  frequency  by  the  component  of  the  mean  wind  perpendicular  to  the 
path.  The  spectrum  is  thus  of  the  form  k"2-“5  ,  where  k  is  the  wavenumber,  1/Z  ,  of 
the  eddy  of  scale  length  l  .  Another  spectrum  given  previously  2  has  approximately  a 
-2.7  slope.  This  is  to  be  compared  to  the  Kolmogoroff  -  5/3  point  spectrum  which  transforms 
into  a  -8/3  spectrum  for  path-integrated  fluctuations.  The  drooping  of  the  spectrum  as  L0 
is  approached  at  the  low  frequency  end  is  also  partly  caused  by  the  fact  that  the  10.4  GHz 
signals  are  passed  through  RC  high-pass  filters  of  41-second  time  constant  to  remove  longer 
time  trends. 

A  more  complicated  situation  on  a  different  day  is  displayed  in  Figure  5(a)  for  the 
infrared  integrated  oxygen  density.  (These  data  of  10/20/67  are  the  first  obtained  from 
computer  reduction  of  the  magnetic  data  tapps  and  thus  provide  information  out  to  5  Hz). 
Implied  is  an  additional  turbulence  input  at  mid-frequencies  which  generates  a  *"0, 5  slope 
interruption  of  the  steeper  decay  characterized  by  slopes  (-2.35  and  -3.0)  bracketing  the 
-8/3  value.  The  spectrum  of  the  simultaneous  10.4  GHz  total  phase  fluctuations  is  shown 
in  Figure  5(b);  the  agreement  with  the  meteorological  data  of  Figure  5(a)  is  such  that  the 
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two  graphs  can  be  nearly  superimposed.  The  only  difference,  the  steeper  slope  of  the  phase 
spectrum  from  2  to  5  Hz,  is  believed  attributable  to  the  aperture  smoothing  effect  of  the 
61  cm  diameter  10.4  Glz  antennas7.  The  20.3  cm  diameter  aperture  of  the  infrared  telescope 
should  not  be  a  contributing  factor  in  the  data  of  figure  5(a). 

An  apparently  similar  energy  input  is  shown  in  the  series  of  graphs  in  Figure  6  linking 
the  two  microwave  and  the  infrared  systems.  The  two  spectra  of  integrated  oxygen  and  water 
vapor  densities  in  F,  gures  6(a)  and  6(b)  are  almost  identical  in  slopes  and  in  “comer” 
frequency  of  1  Hz.  In  Figure  6(c)  the  power  density  spectrum  of  the  23.8  CSlz  amplitude 
fluctuations,  which  result  from  both  absorption  and  scattering,  has  the  same  spectral  slopes 
with  a  “comer"  at  0.6  Hz.  The  10.4  GHz  spectrum  in  Figure  6(d)  shows  a  different  quantity 
this  time,  the  inphase  incoherent  field  component;  the  slope  of  its  higher  frequency  portion 
is  in  the  range  of  -1.4  to  -1.75,  which  is  a  less  negative  slope  than  the  others  of  Figure  6; 
its  “corner”  frequency  is  about  0.35  Hz.  The  absorption  of  the  10.4  OTz  signal  should  be 
an  order  of  magnitude  less  than  that  of  the  23.8  GHz  signal. 

One  of  the  promising  exploratory  features  of  this  method  is  the  possible  use  of  the  ratio 
K2  =  (cr2/o-2V  „  .  This  ratio  is  sensitive  to  the  sphericity  of  the  illuminating  and  receiv- 
ing  wavefronts  and  to  the  eddy  scales.  It  is  suggested  that  K  may  be  used  to  explore  the 
eddy  wavenumber  spectrum  by  examining  K2  for  various  frequency  “slices”  of  the  power 
density  spectra  of  the  two  phase  quadrature  components  of  the  incoherent  field.  The  low 
fluctuation  frequencies  should  be  associated  with  the  larger  scale  sizes,  and  the  high 
fluctuation  frequencies  with  the  small  scales.  K2  should  thus  be  large  at  the  low  frequency 
end  of  the  spectrum  as  near- field  conditions  are  approached,  and  should  decrease  toward  the 
high-spectral  frequencies  as  far-zone  conditions  are  approached.  The  first  test2  was  made 
with  quadrature  component  spectral  slope  of  -8/3  and  a  corresponding  inphase  component 
spectral  slope  of  -5/3.  The  plot  of  log  K2  versus  log  f  has  a  slope  which  is  the  difference 
of  the  two  slopes,  or  -1  in  this  particular  case.  On  another  day  the  plot  of  log  K2  versus 
log  f  has  a  slope  of  zero.  Accurate  spectra  of  the  in-phase  component  still  await  computer 
reduction  of  the  magnetic  tapes  before  accurate  K2  behavior  can  be  determined.  These 
preliminary  indications,  however,  warrant  further  investigation. 


4.  CONCLUSIONS 

The  phase  quadrature  technique  offers  a  sensitive  method  for  studying  the  effects  of 
the  atmosphere  on  the  propagation  of  electromagnetic  waves.  The  consistency  of  the  statisti¬ 
cal  analyses  of  the  phase  quadrature  measurements  and  those  of  the  independent  measurements 
of  atmospheric  composition  demonstrates  the  exactness,  moreover,  of  the  signature  of  atmo¬ 
spheric  structure  carried  by  the  near- field  signal  statistics.  The  usefulness  of  the 
technique  as  an  atmospheric  turbulence  probe  is  therefore  apparent.  The  next  logical  step 
is  to  increase  the  path  length  severalfold  to  extend  the  analyses  into  the  mid-field  and 
far- field  regimes,  and  to  compare  the  measured  cross-correlations  with  the  theoretical  work 
of  deWolf8  and  Uscinski9  . 
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Infrared  and  10. 4  GHz  spectra  showing  a  complicated  decay  behavior.  Data  of  20  October  1968,  1526  PST; 

30  minute  run  sampled  at  0. 1  second  intervals 
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SUMMARY 


A  versatile  vertical  antenna  array  and  receiving  system  which  operate  at 
3.200  GHz  have  been  developed  at  Stanford  University.  The  array  consists 
of  12  parabolic  antennas  spaced  1.39  m  apart  on  a  tower  for  a  total  vertical 
aperture  of  15.24  m  (162.5  wavelengths).  The  equipment  samples  phase  difference 
between  elements  and  amplitude  at  each  element  at  rates  up  to  100  passes 
per  second  over  the  12  elements. 

Data  have  been  processed  to  produce  a  conventional  array  beam  0.3°  wide 
which  is  scanned  in  elevation  to  produce  angular  response  patterns.  Averaged 
angular  response  patterns,  wb*ch  are  averages  of  about  3  minutes  of  data, 
are  compared  with  theoretical  angular  response  patterns  derived  from  a 
scattering  model. 

The  experimental  patterns  have  been  divided  into  three  distinct  groups: 

Group  I.  These  patterns  resemble  the  response  o:?  the  array  to  a  point 
source.  An  appropriate  propagation  mocel  must  predict  signal 
arriving  from  a  narrow  region  in  the  atmosphere. 

Group  2.  These  patterns  can  be  described  by  a  model  predicting  a  smooth 
decrease  of  scattered  power  with  scattering  angle  at  a  rate 
proportional  to  the  inverse  mth  power  of  the  angle,  with  m 
between  4  and  10. 

Group  3.  THese  patterns  are  characterized  by  broadened  maxima  or  two  or 
more  maxima.  The  signals  can  be  explained  only  by  a  model 
which  contains  a  nonuniform  scattering  mechanism. 


NOTATION 


exponent  in  model  for  scattered  power 

intermediate  frequency  as  used  in  a  superheterodyne  receiving  system 

horizontal  change  in  location  of  receiving  array  element  along  the 
propagation  path  caused  by  motion  of  the  support  structure  (tower)  (cm) 

wavevector  for  reference  (compensating)  signal  wavefront  (cm*1) 

wavevector  for  transhorizon  signal  wavefront  (cm*1) 

unit  vector  normal  to  receiving  array 

identifying  index  for  an  array  element  where  element  j  =  1  is  the 
bottom  array  element  and  j  =  12  is  the  top  array  element 

amplitude  value  recorded  on  magnetic  tape  for  the  jth  array  element 
during  an  array  scan  (v) 

the  phase  difference  value  recorded  on  magnetic  tape  during  an  array 
scan.  It  is  the  phase  angle  by  which  the  output  of  array  element  j 
lags  the  output  of  array  element  j  +  1  (deg) 

the  phase  of  the  output  of  array  element  j  for  an  array  scan  (deg). 

The  phase  is  referenced  to  array  element  number  one  (see  Equation  (1)) 

identifying  index  for  an  array  element  where  element  n  =  1  is  the 
bottom  array  element  and  n  =  12  is  the  top  array  element 

beam  pointing  angle  for  the  array  (deg).  (The  angle  is  in  elevation) 

array  output  power  with  the  array  beam  pointed  at  an  angle  Cc  (IV) 

quadrature  components  of  array  output  amplitude  computed  as  an  inter¬ 
mediate  step  in  computing  P(C<.)  (V) 

phase  shift  constant  for  the  array.  (Unit  is  phase  degrees  per  pointing 
angle  degree) 

the  average  power  output  of  the  array  with  the  beam  pointed  at  an  angle 
a  (W) 

number  of  array  scans  averaged  when  computing  a  value  for  P(a) 
a  summing  index 

the  scattering  angle  for  a  transhorizon  propagation  path.  It  is  the 
angle  between  the  wavevector  for  the  wave  from  the  transmitter  and  the 
wavevector  for  the  wave  scattered  to  the  receiver  (deg) 

the  actual  earth’  s  radius  is  multiplied  by  kr  to  yield  an  effective 
earth's  radius,  which  is  used  in  calculating  theoretical  angular 
response  patterns.  The  parameter  kf  makes  a  linear  correction  for 
refraction  which  results  from  the  change  in  refractive  index  with  height 
in  the  atmosphere 
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PHASE  AND  AMPLITUDE  MEASUREMENTS  OF 
TRANSHORIZON  MICROWAVES  WITH  A 
MULTI  -  DATA -GATHERING  ANTENNA  ARRAY 

Donald  C.  Cox 
Alan  T.  Waterman,  Jr 


1.  INTRODUCTION 

A  versatile  vertical  antenna  array  and  receiving  system  which  operate  at  3.200  GHz 
have  been  developed  at  Stanford  University.  The  equipment  has  been  used  in  a  transhorizon 
propagation  (tropospheric  scatter)  experiment.  The  experimental  data  have  been  processed 
to  produce  a  conventional  array  beam,  0.3°  wide,  which  is  scanned  in  elevation  to  produce 
angular  response  patterns.  Averaged  angular  response  patterns,  which  are  averages  of 
about  3  minutes  of  data,  are  compared  with  theoretical  angular  response  patterns  derived 
from  a  scattering  model. 

The  experimental  patterns  are  divided  into  three  distinct  groups  as  follows: 

Group  1.  These  patterns  resemble  the  response  of  the  array  to  a  point  source.  An 
appropriate  propagation  model  must  predict  signal  arriving  from  a  narrow 
region  in  the  atmosphere. 

Group  2.  These  patterns  can  be  described  by  a  model  predicting  a  smooth  decrease  of 
scattered  power  with  increasing  scattering  angle  at  a  rate  inversely  propor¬ 
tional  to  the  mth  power  of  the  angle,  with  m  between  4  and  10. 

Group  3.  These  patterns  are  characterized  by  broadened  maxima  or  two  or  more  maxima. 

The  signals  can  be  explained  only  by  a  model  which  contains  a  nonuniform 
scattering  mechanism. 

Unique  features  of  the  array  and  receiving  system  as  applied  to  transhorizon  propagation 
research  are 

(i)  The  measured  parameters  are  the  basic  amplitude  and  relative  phase  along  the 
arriving  wavefront,  sampled  at  each  array  element.  Combining  or  processing  of 
this  basic  wavefront  information  is  done  after  recording. 

(ii)  The  data  are  sampled  and  recorded  at  rates  much  greater  than  the  rates  of  change 
of  atmospheric  processes. 

(iii)  A  reference  signal  is  used  to  cancel  out  the  effects  of  relative  motion  of  the 
array  support-structure  from  the  phase  data. 

The  first  part  of  this  paper  describes  the  vertical  array  and  receiving  system.  The 
remainder  of  the  paper  describes  the  propagation  path  and  presents  some  experimental 
results. 


2.  VERTICAL  ANTENNA  ARRAY  AND  RECEIVING  SYSTEM 

The  antenna  array,  which  is  illustrated  by  Figure  1,  consists  of  12  parabolic  reflectors 
spaced  at  1.39  m  (14.8  wavelengths)  intervals  on  a  vertical  tower.  The  array  operates  at 
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3.2  GHz  and  has  a  total  effective  aperture  of  15.24  m  (162.5  wavelengths).  The  basic 
measurements  made  and  recorded  are  amplitude  from  each  of  the  elements  and  phase  differ¬ 
ence  between  adjacent  element  pairs.  These  quantities  are  sampled  element-pair  by  element- 
pair  in  the  sequence:  amplitude  1.  phase  difference  1-2;  amplitude  2.  phase  difference 
2-3;  etc.  It  takes  10  milliseconds  to  scan  the  amplitudes  and  phase  differences  of  all 
12  elements,  so  that  up  to  100  scans  per  second  can  be  made. 

Each  array  element  is  a  1.22  m  (4  ft)  parabolic  reflector  with  a  vertically  polarized 
dipole  feed.  The  5°  half-power  beamwidth  of  these  elements  determines  the  azimuth  width 
of  the  array  fan  beam.  The  elements  have  a  gain  of  about  +30  dB  and  sidelobe  levels  at 
least  19  dB  down.  Each  array  element  is  tilted  up  2)4°  to  help  suppress  foreground 
reflections. 

When  the  amplitude  and  phase  data  are  processed  to  form  a  conventional,  uniformly 
illuminated,  broadside  array  beam,  the  half-power  beamwidth  is  0. 29°  in  elevation.  This 
beam  can  be  scanned  in  elevation.  The  major  grating  lobe  separation  of  the  array  is  3.88° 
and  the  theoretical  minor  sidelobe  level  of  13  dB  is  essentially  achieved.  Major  array 
grating  lobes  which  occur  outside  the  5°  beamwidth  of  the  elements  are  reduced  in  intensity 
by  the  rapid  decrease  in  gain  of  the  elements  themselves  at  angles  outside  the  element 
beamwidth1,2.  In  the  application  of  this  array  to  transhorizon  propagation  measurements, 
the  major  grating  lobes  above  an  elevation  angle  of  3.88°  are  illuminating  a  region  in 
the  common  volume  from  which  the  signal  contribution  is  negligible.  This  fact  results 
from  the  strong  angular  dependence  (scattered  power  decreases  with  inverse  angle  raised 
to  at  least  the  fourth  power)  of  the  scattering  mechanisms3'5.  Grating  lobes  below  the 
horizon  illuminate  the  foreground.  On  the  propagation  path  used  (Fig.  7),  a  range  of  hills 
which  determines  the  horizon  from  the  receiving  site  provides  effective  screening  of  the 
scattering  region  from  reflections  from  San  Francisco  Bay.  At  distances  from  the  array 
where  the  screening  becomes  ineffective,  the  foreground  is  trees,  rough  ground,  etc. ,  and 
is  quite  diffuse.  Adverse  effects  from  ground  reflections  have  not  been  observed  in  the 
transhorizon  path  data.  Because  of  all  these  factors,  only  the  one  major  array  lobe,  which 
scans  the  sector  from  the  horizon  up  to  3.88°,  contributes  significantly  to  the  array 
angular  response  pattern  during  a  computer-produced  beam  swing. 

Figure  2  is  a  picture  of  the  array  mounted  on  a  21.3  m  (70  ft)  tower.  The  instrumentation 
trailer  which  houses  the  receiving  equipment  and  some  of  the  sampling  and  calibration 
equipment  can  be  seen  behind  the  array.  The  small  aluminium  boxes,  which  are  visible  just 
behind  each  reflector,  house  the  first  mixer  and  the  30  MHz  IF  preamplifier  for  each 
array-element  receiving  channel.  The  first  local  oscillator  is  piped  up  the  tower  from 
the  trailer  and  fed  to  the  mixers  through  power  dividers  and  approximately  equal- length 
cables. 

The  measurement  of  phase  on  a  tower  like  this  is  complicated  by  the  fact  that  tower 
motion  produces  a  phase  shift  too.  To  overcome  this  complication,  a  reference  signal  is 
transmitted  line-of-sight  from  a  source  about  1.6  km  (1  mile)  in  front  of  the  array.  The 
information  about  tower  motion  contained  in  the  phase  of  this  reference  signal  is  used  to 
remove  the  effect  of  the  motion  from  the  final  phase-difference  data. 

Figure  3  is  a  simplified  block  diagram  of  an  array-element  receiving  channel.  It  will 
be  used  to  illustrate  signal  flow  through  one  element  channel  of  the  receiving  system. 

There  are  12  identical  receiving  channels  preceding  the  electronic  commutator. 

The  transhorizon  signal  at  3.2000  GHz  +  100  kHz  and  the  reference  signal  at  3.2000  GHz 
are  both  received  by  each  array  element.  In  the  first  mixer  they  are  both  mixed  with  the 
first  local  oscillator  at  3.230  GHz  to  produce  a  29.9  MHz  IF  for  the  transhorizon  signal 
and  a  30.0  MHz  IF  for  the  reference.  The  first  local  oscillator  is  common  to  all  element 
channels  to  preserve  relative  phases  in  the  mixing  process.  The  first  mixers  and  part  of 
the  IF  amplifier  are  mounted  in  the  small  aluminum  boxes  on  the  tower  to  minimize  cable 
loss  in  the  signal  path.  The  first  mixer  noise  figure  essentially  determines  the  noise 
figure  of  the  receiving  system. 
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The  signal  and  the  reference  are  separated  by  quartz  crystal  filters  which  have  half¬ 
power  bandwidths  of  2  kHz.  These  narrow-band  filters  determine  the  noise  bandwidth  of  the 
receiving  system. 

The  reference  is  then  further  amplified  and  applied  to  the  second  mixer  as  a  second 
local  oscillator.  The  second  mixer  is  balanced  to  further  suppress  reference  signal 
(second  local  oscillator)  noise.  Mixing  in  the  second  mixer  is  linear  with  respect  to 
the  transhorizon  signal,  since  that  signal  is  applied  to  the  mixer  at  a  relatively 
low  level.  The  IF  amplifier  gain  is  set  so  that  the  reference  signal  produces  adequate 
d.c.  current  in  the  second  mixer  crystals. 

In  this  mixing  process,  the  transhorizon  signal  is  subtracted  from  the  reference 
signal.  The  100  kHz  difference  frequency  has  its  amplitude  determined  by  the  transhorizon 
signal  amplitude  and  its  phase  determined  by  the  phase  difference  between  the  transhorizon 
signal  and  reference  signal.  Both  signals  have  traveled  the  same  path  from  the  antenna 
to  the  crystal  filters.  Their  phases  have  been  affected  almost  equally  by  the  same  tower 
motion  and  by  phase  drifts  in  the  cables  and  IF  amplifiers.  The  subtraction  in  the 
second  mixer  then  removes  these  extraneous  phase  variations  from  the  100  kHz  output.  The 
short-path  line-of-sight  reference  signal  is  quite  stable  compared  with  the  transhorizon 
signal,  so  that  the  characteristics  of  the  100  kHz  output  are  essentially  those  of  the 
transhorizon  signal.  It  can  be  shown  that  the  phase  error  due  to  motion  of  an  element  is 
S(kc.n  -  ks.n)  where  S  is  the  horizontal  change  in  element  position  along  the  propaga¬ 
tion  path,  kc  and  ks  are  the  wavevectors  for  the  reference  wavefront  and  the  signal 
wavefront,  and  n  is  a  unit  vector  normal  to  the  array.  This  phase  error  is  less  than 
0.06  degrees  per  cm  of  element  motion  for  the  particular  reference  and  signal  frequencies 
and  for  the  actual  geometry  of  the  reference,  the  common  volume  and  the  array.  That  is, 
element  motion  as  extreme  as  8  =  10  cm  would  cause  a  phase  error  of  less  than  0.6°. 
which  is  quite  negligible.  This  100kHz  signal  is  available  continuously  from  each  array 
element. 

The  twelve  100kHz  signals  are  applied  to  the  inputs  of  an  electronic  commutator.  This 
commutator  samples  the  100  kHz  signals  in  pairs  in  a  sequence  1-2,  2-3,  3-4,  and  so  forth. 
The  two  commutator  outputs  are  connected  to  a  phase  detector.  One  of  the  outputs  is  also 
connected  to  a  linear  amplitude  detector.  The  outputs  of  these  detectors  are  phase 
difference  for  adjacent  element  pairs  and  amplitude  for  each  element.  Theso  are  digitized 
and  stored  on  magnetic  tape  in  computer  format  by  the  small,  general  purpose,  digital 
computer  (PDP-8)  operating  on-line.  The  12  elements  are  scanned  in  10  milliseconds. 

Tests  were  run  on  the  system  to  check  the  effectiveness  of  the  phase-compensating 
method  which  makes  use  of  the  reference  signal.  For  this  test  both  the  reference  and  the 
test  signals  were  transmitted  over  line-of-sight  paths.  The  phase  difference  between 
elements  3  and  10  was  measured  at  the  29.9  MHz  crystal  filter  outputs  (Fig.  3)  with  a  30 
MHz  phase  detector.  At  the  same  time  the  phase  difference  between  the  same  two  elements 
was  measured  at  the  100  kHz  array-element  receiving  channel  outputs,  that  is,  after  the 
signal  and  reference  have  been  subtracted.  Figure  4  is  a  two-channel  chart  recorder  out¬ 
put.  The  upper  trace  is  the  phase  difference  for  the  29.9  MHz  uncompensated  outputs  for 
elements  3  and  10.  The  lower  trace  is  phase  difference  between  the  compensated  100  kHz 
array-element  receiving  channel  outputs  for  the  same  two  elements.  The  0°  phase  reference 
for  both  vertical  phase  difference  scales  is  arbitrary.  The  data  were  taken  on  a  day  with 
little  wind,  and  the  tower  was  relatively  steady.  At  the  point  where  the  upper  trace 
begins  to  oscillate,  the  guy  lines  on  the  tower  were  pulled  to  set  the  tower  into  oscilla¬ 
tion.  The  somewhat  over  60°  phase  oscillation  seen  on  this  trace  amounts  to  somewhat  over 
1.5  cm  of  relative  tower  displacement.  The  lower  trace  shows  almost  no  phase  shift  due 
to  tower  motion.  It  represents  the  phase  difference  between  the  same  two  elements  after 
the  reference  is  subtracted  out  by  the  receiving  system.  Tower  motion  of  the  order  of 
that  illustrated  on  this  figure  is  experienced  on  windy  days. 
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3.  ARRAY  ANGULAR  RESPONSE  PATTERNS 

For  this  array,  an  angular  response  pattern  (beam  swing  pattern  or  antenna  scan)  is 
obtained  from  one  set  of  measured  amplitude  (12  values)  and  phase  difference  (11  values) 
data  by  computing  the  array  output,  point  by  point,  for  a  series  of  beam  pointing  angles. 
This  computation  is  done  from  the  amplitude  and  phase  data  stored  on  magnetic  tape. 

The  computation  of  one  angular  response  pattern  makes  use  of  one  set  of  amplitude  values 

Ej ,  E2 .  Ej . u12  and  phase  difference  values  A0  t  2  .  A0  2  3  .  . . .  A0j  J  +  1  ,  . . , 

A0n  12  >  *liere  the  subscripts  refer  to  array  elements  with’l  at  the'bottom.  A0  j  j  +  1  is 
the  pliase  by  which  the  output  of  element  j  lags  the  output  of  element  j  +  1.  The  first 
step  is  to  compute  the  phase  of  each  element  output  with  reference  to  the  phase  of  the 
output  of  element  number  1.  The  phase  of  element  1  ,  0t  ,  is  taken  as  0°.  For  each 
element  n  ,  for  n  =  2, 3 .  12  ,  then 


•  (1) 

The  array  output  power,  P(a)  ,  as  a  function  of  beam  pointing  angle  a  is  just  the 
square  of  the  phasor  (“vector")  sum  of  the  element  amplitudes  with  each  phase  0  shifted 
linearly  with  element  number  to  “point"  the  beam  maximum  at  an  angle  a.  The  computation 
procedure  for  P(Cc)  is  to  compute 

E  (a)  =  ^  E  cos  [0  -  (n  -  i)>d  (2) 

v  n=  l 

and 

EQ«X)  =  s:  EL  Sin  C<^  -  (n  -  imd  ,  (3) 

H  n=  l 

then 

P«X)  =  [Ep(a)] 2  +  [Eq(a)]2  .  (4) 


The  phase  shift  constant  is 

y  -  360c/(grating  lobe  spacing) 

=  92.71  phase  degrees  per  pointing  angle  degree. 

The  beam  pointing  angle  a  =  0°  corresponds  to  horizontal  at  the  array.  Averaged  angular 
response  patterns  were  produced  by  averaging  the  power  output  from  the  individual  angular 
response  patterns  at  each  elevation  angle  (a)  for  which  the  output,  P(a)  ,  was  computed. 
That  is, 

_  1  N 

P(a)  =  -  2Z  Pi(a)  .  (5) 

N  iTi  1 

Figure  5  is  an  angular-response  pattern  made  from  data  taken  over  a  10  mile  lin^  of- 
sight  path.  The  vertical  scale  is  relative  power  plotted  on  a  log  scale.  The  horizontal 
scale  is  linear  in  elevation  angle.  0°  is  the  horizontal  at  the  array  and  for  this 
figure  the  array  is  scanning  down.  The  source  appears  below  the  array  horizontal  because 
the  array  is  located  on  the  side  of  a  hill.  The  circles  and  solid  curve  are  the  measured 

angular  response  pattern.  The  dashed  curve  is  a  theoretical  curve  for  a  uniformly 

illuminated  12-element  array.  For  the  main  beam  the  actual  and  theoretical  curves  are 

not  distinguishable.  Response  patterns  like  this  were  taken  over  a  signal  level  range  of 
33  dB.  No  deterioration  of  the  response  pattern  was  detected  for  signal  levels  5  dB 
below  the  lowest  average  signal  observed  during  the  transhorizon  propagation  experiment. 
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The  main  beam  was  degraded  only  0.04°  at  a  level  8  dB  below  the  minimum  average  signal 
level. 


4.  TRANSHORIZON  PROPAGATION  PATH 

Amplitude  and  relative  phase  measurements  were  made  on  signals  propagated  over  a  164 
km  (102  mile)  transhorizon  path  between  Jackson  and  Stanford,  California.  Figure  6  is  a 
map  showing  the  path  and  Figure  7  is  a  profile  of  the  path.  The  profile  is  plotted  with 
a  4/3  earth  radius  to  take  into  account  standard  refractive  effects.  The  height  scale  is 
expanded.  The  common  volume  for  the  narrow  array  beam  is  about  0.2  km  (600  ft)  thick  in 
the  vertical  dimension  at  the  minimum  altitude  point  of  the  common  volume.  This  point  is 
about  42  km  (26  miles)  from  the  receiving  array  and  is  about  0.43  km  (1400  ft)  high. 


5.  AVERAGED  ANGULAR  RESPONSE  PATTERNS  FOR 
TRANSH0R1Z0N  PROPAGATION  PATH  SIGNALS 

The  averaged  angular  response  patterns  for  the  actual  transhorizon  propagation  path 
signals  are  not  presented  in  chronological  order.  They  have  been  selected  and  ordered  to 
illustrate  the  three  distinct  groups  into  which  the  patterns  have  been  divided. 

Averaged  angular  response  patterns  from  the  actual  experimental  data  are  compared  with 
theoretical  angular  response  patterns  simulated  from  the  path  geometry  (Fig. 7)  and  a 
uniform  scattering  model6.  In  the  model,  two  adjustable  parameters  were  used.  The 
scattered  power  was  assumed  to  fall  off  as  (1 /6)m  ,  where  a  is  the  scattering  angle 
and  the  exponent  m  is  an  adjustable  parameter  in  the  model.  Average  refractive  effects 
were  accounted  for  by  adjusting  the  effective  earth’ s  radius  with  a  multiplicative 
constant  kr  ,  that  is,  the  earth’s  radius  in  the  model  is  the  actual  earth’s  radius 
multiplied  by  kr  .  The  theoretical  angular  response  patterns  were  then  simulated  by 
convolving  the  point  source  response  pattern  of  the  array  with  the  assumed  angular 
distribution  of  scattered  power.  Theoretical  patterns  were  computed  for  many  different 
values  of  the  earth’ s  radius  constant  kr  and  the  scattered  power  law  exponent  m. 

Effects  of  the  beam  patterns  of  the  array  elements  were  also  accounted  for  in  the  model. 

The  averaged  angular  response  patterns  shown  in  Figures  8-14  were  computed  (see  Section 
3)  from  amplitude  and  phase  difference  data  taken  over  the  164  km  transhorizon  propagation 
path.  The  figures  are  plots  of  average  power  P(a)  as  a  function  of  elevation  angle  a  . 
The  elevation  angle  a  =  0°  is  horizontal  at  the  array  and  positive  angles  correspond  to 
up  in  elevation.  The  circles  are  actual  data  points  which  are  averages  from  4096  antenna 
scans  in  elevation  taken  over  a  period  of  about  3)4  minutes.  The  triangles  are  averages 
from  3072  scans  for  the  next  2)4  minute  period.  That  is,  the  circles  and  triangles 
represent  about  6  minutes  of  consecutive  transhorizon  path  data.  The  vertical  dashed  line 
is  at  the  horizon  for  a  4/3  rth  radius  refraction  model.  The  horizontal  dashed  line  is 
at  the  half  power  level.  The  time  indicated  is  local  (Pacific  Daylight)  time. 

The  solid  curves  in  Figures  9-14  are  the  theoretical  curves  computed  from  the  path 

geometry  and  the  uniform  scattering  model.  The  identifying  parameter  m  is  the  exponent 

in  the  scattered  power  law  and  kr  is  the  earth’s  radius  constant.  Many  theoretical 
curves  were  computed  and  fitted  to  the  data  points.  The  solid  curve  plotted  with  each 
data  set  represents  a  "best  fit”  (by  eye)  for  those  cases  where  a  good  fit  was  possible. 

Figure  8  is  a  measured  angular  response  pattern  which  belongs  in  Group1.  This  group 
is  generally  characterized  by  stable  signals  which  come  from  regions  in  the  atmosphere  at 

or  very  neer  the  horizon  and  which  am  very  narrow  in  angular  extent.  Note  that  the 

patterns  for  the  two  consecutive  time  periods  represented  by  the  circles  and  the  triangles 
are  almost  equal.  The  solid  line  is  a  theoretical  angular  response  pattern  for  a  point 
source  for  this  figure  only.  Notice  how  closely  the  data  points  fit  the  theoretical  curve. 
In  particular,  notice  how  deep  the  nulls  are  in  the  actual  data.  This  pattern  illustrates 


18-6 


a  period  of  very  stable  signal  conditions  with  very  slow  fading  with  source  region  very 
narrow  in  angular  extent.  This  data  was  taken  at  about  midnight.  Signals  of  this  first 
group  occur  predominantly  late  at  night  or  early  in  the  morning  when  the  atmosphere  tends 
to  be  quite  stable. 

Figure  9  is  another  measured  angular  response  pattern  from  the  stable  signal  group. 

The  solid  curve  for  this  figure  was  computed  from  the  scattering  model  with  scattered 
power  decreasing  as  ( I/O )10  and  for  standard  refractive  conditions  (4/3  earth  radius  as 
Indicated  by  kr  =  4/3).  Note  that  the  actual  data  points  follow  the  detail  in  the  lobe 
structure  of  the  theoretical  curve  quite  well,  even  at  levels  20  dB  down.  This  pattern 
then  also  indicates  that  power  was  coming  from  a  source  region  of  narrow  angular  extent 
but,  since  the  nulls  are  somewhat  filled  in.  some  power  is  coming  from  higher  angles  than 
in  the  previous  figure.  The  main  beam  is  slightly  narrower  than  the  model  predicts  but 
the  sidelobes  are  slightly  higher.  This  indicates  that  the  actual  scattered  power  did 

not  vary  with  angle  exactly  as  the  power  law  assumed  in  the  m..  iel.  The  averaged  angular 

response  pattern  in  Figure  10  belongs  in  Group  2.  It  can  be  described  by  a  model  pre¬ 
dicting  a  smooth  decrease  of  scattered  power  with  scattering  angle.  The  actual  data 
points  for  this  averaged  angular  response  pattern  fit  very  closely  the  theoretical  curve 
which  was  computed  from  the  model  with  a  scattering  law  exponent  of  m  =  6.  Again  the 
data  points  agree  with  the  model  quite  well  even  in  the  detail  20  dB  down.  The  data  for 
the  two  consecutive  time  periods  which  are  represented  by  the  circles  and  triangles  define 
approximately  the  same  curve.  This  indicates  that  signal  characteristics  were  quite 
stationary  over  the  6  minute  time  period. 

The  actual  data  points  for  the  averaged  angular  response  patterns  in  Figure  11  lie 

between  the  two  theoretical  curves  shown.  Again  m  is  the  exponent  in  the  scattering  law. 

The  value  m  =  4  is  close  to  the  11/3  power  law  which  would  be  predicted  on  the  basis  of 
a  Kolmogorov  spectrum  of  turbulence  and  narrow  antenna  beams5,6.  This  pattern  also 
belongs  in  Group  2,  with  the  exponent  between  4  and  5.  Most  of  the  other  experimental 
angular  response  patterns  which  are  classified  in  Group  2  require  the  use  of  exponents 
greater  than  m  =  4  in  the  theoretical  model  to  produce  theoretical  curves  which  will  fit 
the  data  points.  A  turbulence  model  with  an  intensity  decreasing  with  height  or  with  a 
spectrum  different  from  the  11/3  power  law  could  probably  explain  most  of  the  Group  2 
data.  Note  that  the  theoretical  curves  which  best  fit  the  data  points  in  Figure  11  require 
an  effective  earth*  s  radius  constant  of  5/3  to  account  for  average  refractive  effects. 

Figures  12  and  13  are  examples  of  angular  response  patterns  from  Group  3.  These 
averaged  angular  response  patterns  cannot  be  explained  by  a  uniform  scattering  model.  A 
model  which  would  predict  the  two  maxima  seen  in  these  patterns  would  require  a  nonuniform 
mechanism,  such  as  layers  or  patches  of  turbulence  in  the  atmosphere.  A  rather  intense 
localized  scattering  region  seems  to  be  indicated,  since  the  scattered  power  falls  off 
rapidly  with  angle  above  the  second  maximum.  Patterns  with  broadened  maxima  or  multiple 
maxima  like  this  one  usually  occur  in  the  afternoon.  It  should  be  emphasized  that  these 
examples  are  only  two  of  many  response  patterns  observed  which  have  a  broadened  maximum 
or  multiple  maxima.  In  many  cases,  a  secondary  maximum  in  a  response  pattern  appears  at 
about  a  =  3/4°  ,  as  in  Figure  12.  This  corresponds  to  a  scattering  region  which  has  its 
minimum  scattering  angle  located  at  an  altitude  of  about  0.5  km  (1800  ft)  and  at  about 
25)4  km  (16  miles)  from  the  receiving  site.  The  region  is  above  the  first  range  of  moun¬ 
tains  visible  from  the  receiving  site  (Fig. 7).  The  intense  scattering  region  may  be 
caused  by  winds  blowing  down  San  Francisco  Bay  and  up  over  the  row  of  mountains.  Wind 
measurements  made  in  conjunction  with  other  experiments  at  Stanford  have  shown  that  winds 
do  blow  up  over  these  mountains  quite  consistently.  Future  experimentation  will  attempt 
to  Isolate  the  cause  of  these  Group  3  angular  response  patterns,  which  are  good  indicators 
of  atmospheric  inhomogeneity 

Figure  14  is  an  example  of  an  angular  response  pattern  whose  maximum  does  not  occur  at  or 
near  the  earth  horizon.  Also,  for  this  pattern,  the  scattered  power  falls  off  rapidly  with 
elevation  angle  a  immediately  after  the  maximum,  but  then  at  higher  angles  (greater  than 
one  degree)  the  fall-off  of  power  as  a  function  of  elevation  angle  is  more  gradual.  This 
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is  suggestive  of  a  specular  type  reflection  superimposed  on  a  more  diffuse  background  of 
scattering,  or  possibly  of  an  intense  scattering  region  superimposed  on  a  less  intense 
background  of  turbulent  scattering.  No  theoretical  angular  response  pattern  from  the 
uniform  scattering  model  will  fit  this  data.  It  probably  belongs  in  Group  3. 


6.  CONCLUSION 

The  experimental  averaged  angular  response  patterns  in  elevation  taken  with  the  12- 
element  vertical  antenna  array  have  been  classified  into  three  groups  by  comparing  them 
with  theoretical  response  patterns  produced  from  a  uniform  scattering  model.  The  three 
groups  and  their  general  signal  characteristics  are  as  follows: 

Group  1.  The  averaged  angular- response  patterns  for  the  first  group  closely  resemble 
the  response  of  the  array  to  a  point  source  or  a  source  narrow  in  extent  in 
elevation  angle.  The  signal  is  generally  strong  and  relatively  steady  with 
only  very  slow  fading.  Signals  with  the  characteristics  of  this  group  occur 
most  frequently  in  the  early  morning,  between  midnight  and  0800.  A  propaga¬ 
tion  model  must  predict  signal  arriving  from  a  very  narrow  region  in  the 
atmosphere  (like  a  thin,  relatively  stable,  partially  reflecting  or  refracting 
layer)  to  describe  the  signal  characteristics  of  this  group 

Group  2.  The  averaged  angular-response  patterns  for  this  group  can  be  described  by  a 

model  that  predicts  that  the  scattered  power  decreases  smoothly  with  scattering 
angle  at  a  rate  inversely  proportional  to  the  mth  power  of  the  angle,  where 
m  lies  between  4  and  10.  The  exact  value  of  m  depends  on  the  time  period. 
Signal  levels  are  generally  moderate  to  weak,  the  signal  fades  are  deep,  and 
the  fading  rate  is  moderate.  Signals  with  the  characteristics  of  this  group 
are  observed  at  all  times  of  the  day  but  they  occur  most  frequently  in  the 
morning  after  sun-up  and  in  the  evening.  A  propagation  model  based  on 
atmospheric  turbulence  can  describe  the  signal  characteristics  of  this  group 
only  if  it  includes  a  turbulence  intensity  that  is  dependent  on  height, 
turbulent  regions  narrow  in  vertical  extent,  or  possibly  "patches"  of  tur¬ 
bulence. 

Group  3.  The  averaged  angular-response  patterns  for  this  group  are  characterized  by 

broadened  maxima  or  two  or  more  maxima  when  compared  with  the  response  pattern 
for  a  single  point  source.  Signal  levels  are  generally  moderate  to  weak;  the 
signal  fades  are  deep;  and  the  fading  rate  is  moderate  to  rapid.  Signals 
with  the  characteristics  of  this  group  occur  most  frequently  in  the  afternoon. 
This  group  of  signals  cannot  be  explained  by  a  model  that  predicts  a  smooth 
fall-off  of  scattered  power  with  elevation  angle,  that  is,  by  a  uniform 
scattering  model.  A  suitable  model  must  contain  in  it  nonuniform  mechanisms 
(such  as  layers  or  patches  of  turbulence  which  are  more  intense  in  some  regions 
of  the  atmosphere  than  in  others)  to  predict  a  discontinuous  or  at  least 
nonuniform  variation  of  scattered  power  with  elevation  angle. 

The  uniform  scattering  model  which  is  baseo  on  turbulence  theory  is  not  sufficient  to 
predict  for  all  time  periods  the  signal  characteristics  observed  in  the  experiment.  Even 
during  the  time  periods  when  a  turbulent  model  predicts  the  right  type  of  signal  variation 
with  angle,  modifying  factors,  depending  on  atmospheric  conditions  at  the  time,  are 
required  to  make  the  dependence  on  angle  sufficiently  strong.  The  goal  of  continuing 
experimentation  with  the  vertical  antenna  array  is  to  define  more  completely  the  atmospheric 
structure  associated  with  the  three  groups  of  angular  response  patterns. 
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Fig. 10  Averaged  angular-response  pattern.  2019,  6  July  1967 
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THE  WAVELENGTH  DEPENDENCE  OF  TROPOSPHERIC 
BEYOND-THE-HORIZON  PROPAGATION 

Folke  Eklund 


The  wavelength  dependence  of  actually  received  power  in  relation  to  free  space  power 
has  been  measured  over  a  270  km  tropospheric  scatter  path  in  middle  Sweden.  The  frequencies 
were  1000  and  3000  MHz  and  the  antennas  used  were  scaled  according  to  the  frequencies, 
giving  identical  radiation  diagrams  with  the  beamwidth  a  =  2.2°.  The  measurements  were 
made  during  different  periods  within  a  year. 

The  main  findings  are  that  the  wavelength  dependence  varies  between  AT  1  and  K*3  ,  and 
the  exponent  is  correlated  with  the  level  of  received  power.  In  order  to  explain  the 
results  we  found  it  necessary  to  consider  the  received  power  p.s  the  sum  of  two  power  terms, 
Pgc  ,  which  is  power  received  from  scattering  by  refractive  index  vai  iations  which  are 
statistically  homogeneous  and  isotropic  and  PR  ,  which  is  power  received  from  reflections 
by  many  small  partially  reflecting  facets  within  the  otherwise  homogeneous  and  isotropic 
medium.  The  homogeneous  and  isotropic  refractive  index  variations  are  characterised  by 
their  "power’’-spectrum,  which  as  parameter  contains  the  factor  C2  ,  a  measure  of  the 
intensity  of  the  refractive  index  variations. 


The  facets  are  characterised  by  the  profile  of  refractive  index  through  the  reflecting 
surface,  the  radius  of  curvature  R  of  the  surface  and  the  maximum  tilt,  with  respect  to 
the  horizontal.  Furthermore,  in  order  to  calculate  a  numerical  value  for  PR  we  need  to 
know  the  number  of  facets  per  unit  volume.  We  have  chosen  the  following  expression  for 
describing  the  refractive  index  profile,  n(z)  ,  through  the  reflecting  surface:  V 


n(z)  =  n.  +  —  (1  -  e(2/,zo)z )  for 
0  2 

An  .0.  . 

n(z)  =  n„ - (1  -  e-(2'zo)z)  for 

0  2 

The  thickness  of  the  layer  causing  reflections  is  defined  as 
the  apparent  change  in  refractive  index  when  passing  through 


z  <  0  (1) 

z  >  0  .  (2) 

B  -  2zQ  .  The  value  An  is 
the  reflecting  facet. 


With  this  n-profile  the  power  reflection  coefficient  becomes 


(3) 


where  \p  is  the  grazing  angle  between  the  incident  ray  and  the  surface  of  the  facet. 

The  following  expressions  are  obtained  for  scattered  and  facet  reflected  powers, 
respectively,  in  relation  to  free  space  power,  PFg  . 

^  ~  0.76  x  1028  x  ]  d‘ll/3A.'l/3a3  ,  (*) 

Pps  n\dh  / 

where  d  is  the  distance  between  transmitter  and  receiver. 
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As  we  have  assumed  that  the  refractive  Index  variations  follow  the  -11/3  law  we  have 
the  dependence  for  P8C/PFS  , 


p.  t?2r  24> 

*  a  . 

,h«ld 

NAn2(0od  +  4h) 

PFS  "  2*0d2 

1 

** 

0 

/  B0V 

FT  TjJ 

(5) 


where  dQ  Is  the  minimum  scatter  angle  of  the  common  volume. 

The  integration  need  not  be  extended  beyond  the  midpoint,  hmld  ,  of  the  common  volume, 
because  I R0 1 2  decreases  so  rapidly  with  » p  . 

PR/Prg  is  proportional  to  something  between  K°  and  \4  ,  dependent  mainly  on  the 
thickness  of  the  facets  in  relation  to  the  wavelength. 

Variations  in  C2  and  An  are  assumed  to  be  the  main  causes  of  variations  in  Pgc  and 

PR  ,  respectively.  The  other  parameters  are  kept  constant.  However,  this  assumption  is 

not  sufficient  if  we  want  to  add  Por,  and  P.  .  We  must  also  know  how  C2  and  An  are 

bc  r  n 

related  to  each  other.  There  are  meteorological  reasons  for  a  relation  between  them,  and 
so  we  assume  a  linear  relation,  with  the  constant  chosen  from  the  maximum  of  observed 
values  of  An  and  C2  .  This  gives 

An  =  0.6C2  x  1010  .  (6) 

The  powers  can  then  be  added  for  different  values  of  An  (or  C2)  and  we  obtain  the  results 
of  Figure  1,  where 

Psr  +  PR 

A  =  -55 - 1  .  (7) 

p 

rrs 

If  we  consider  the  frequency  interval  1000  to  3000  MHz,  we  see  that  at  high  signals  the 
wavelength  dependence  is  of  the  order  of  \+2,5  and  at  low  signals  it  is  A.-1'3  . 

We  have  also  calculated  the  relation  between  the  exponent  q  of  the  wavelength  depend¬ 
ence  (A  ~  \q)  and  received  power  in  relation  to  free  space  power  in  dB  at  1000  MHz  and 
compared  it  with  measured  values.  The  result  is  shown  in  Figure  2.  The  calculated  curve 
agrees  reasonably  well  with  the  average  trend  of  the  measured  pointmass. 

As  we  have  assumed  a  relation  between  An  and  Cg  ,  we  also  obtain  a  relation  between 
the  levels  of  received  powers  at  1000  and  3000  MHz,  as  shown  in  Figure  3. 

At  both  the  high  and  the  low  signal  ends  there  is  a  45°  dependence  between  the  variations 
in  received  powers.  The  reason  is  that  here  the  same  propagation  mechanism  is  acting  at 
both  frequencies  -  reflection  at  the  high  signal  end  and  scattering  at  the  low  signal  end. 

At  intermediate  signal  levels  the  reflection  term  predominates  at  1000  MHz  and  the  scattering 
term  at  3000  MHz,  resulting  in  a  slope  greater  than  45°. 

In  the  experimental  data  there  is  a  tendency  towards  a  45°  slope  at  high  and  low  signal 
levels.  In  an  intermediate  section,  however,  there  occur  larger  variations  of  the  1000  MHz 
signal  than  of  the  3000  Miz  signal  as  expected  from  the  propagation  model. 

The  spread  of  the  experimental  points  in  figures  2  and  3  could  be  explained  in  many  ways. 
Thus,  for  example,  the  assumed  connection  between  An  and  C2  will  certainly  change  from 
time  to  time,  and  the  numerical  values  of  the  geometrical  parameters  describing  the  reflec¬ 
ting  facets  will  vary. 
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However,  a  simple  propagation  model  which  considers  simultaneous  single  scattering  by 
a  homogeneous  and  Isotropic  refractive  index  structure  and  facet  reflections  gives, good 
agreement,  on  the  average,  between  experimental  and  calculated  results  of 

(1)  wavelength  dependence, 

(11)  the  relation  between  wavelength  dependence  and  received  power  levels, 

(ill)  the  relation  between  received  power  levels  at  1000  and  3000  MHz, 

A  full  account  of  the  experiments  and  calculations  described  in  this  brief  contribution 
Is  published  in  Reference  1. 
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SUMMARY 


The  structure  of  the  electromagnetic  field  at  the  receiving  site  of  a 
scatter  link  is  caused  by  a  corresponding  structure  of  the  refractivity  in 
the  common  volume.  Theoretical  investigations  have  shown  that  conclusions 
about  the  refractivity  structure  can  be  drawn  from  measurements  of  the 
structure  of  the  field  at  the  receiving  site.  The  wave  number  spectrum  of 
the  refractivity,  deduced  in  this  way,  has  been  shown  to  agree  with  the 
spectrum  deduced  from  turbulence  theory.  The  dependence  on  height  of  the 
inhomogeneities  of  the  refractivity,  needed  to  determine  the  transmission 
loss,  can  usually  be  calculated  from  routine  radiosonde  data.  A  model  of 
the  troposphere  is  deduced  and  seems  to  explain  most  of  the  effects  of 
tropospheric  beyond-the-horizon  propagation. 
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THE  THEORY  OF  TROPOSPHERIC  SCATTERING  IN  THE 
LIGHT  OF  NEW  PROPAGATION  MEASUREMENTS 

L. Fehlhaber 


1  INTRODUCTION 

Many  attempts  have  been  made  to  investigate  the  structure  of  tropospheric  refractivity, 
since  Booker  and  Gordon  showed  that  beyond-the-horizon  propagation  can  be  explained  by 
scattering  on  inhomogeneities  of  the  refractivity.  Conventional  meteorological  measure¬ 
ments,  as  well  as  airborne  refractometers,  showed  that  the  models  deduced  from  turbulence 
theory  are  acceptable.  It  will  be  shown  in  this  paper  that  measurements  performed  in  the 
electromagnetic  field  at  the  receiving  site  of  a  scatter  link  allow  conclusions  to  be  drawn 
about  the  mechanism  of  propagation.  Grosskopf1  described  measurements  of  this  type  in 
detail.  They  yielded  the  space-time  correlation  function  of  the  field,  its  scale  lengths, 
its  horizontal  and  vertical  drift  velocities  and  its  fluctuation  velocity.  It  will  be 
shown  in  Section  2  that  the  corresponding  structure  of  the  troposphere  can  be  deduced  from 
these  results.  Section  3  deals  with  the  problem  of  obtaining  the  height-dependence  of  the 
inhomogeneities  of  the  refractivity  from  routine  radiosonde  data.  A  model  of  the  tropo¬ 
sphere,  deduced  from  these  results,  is  given  in  Section  4. 


2.  BEYOND-THE-HORIZON  PROPAGATION  WITH 

FREQUENCIES  ABOVE  1000  MHz 

It  is  easy  to  understand  that  the  field  structure  at  the  receiving  site  can  be  deduced 
from  the  corresponding  structure  of  the  refractivity  N  in  the  common  volume.  With 
scattering,  there  should  be  a  relation  between  the  two  space-time  correlation  functions  of 
the  refractivity  and  of  the  field.  This  relation  has  been  derived  by  theoretical  investiga¬ 
tions2,3  assuming  a  homogeneous  structure.  Since  this  structure  certainly  is  not  homo¬ 
geneous,  the  relation  is  only  valid  over  long  time-averages.  This  relation  is  generally  a 
complicated  one,  but  it  becomes  somewhat  simpler  in  the  limiting  case  of  antennae  beams 
broad  enough  to  comprise  the  whole  beam  of  scattered  rauiation,  a  condition  fulfilled  in 
the  present  measurements. 

The  spatial  correlation  function  of  the  field  in  this  case  is  obtained  from  that  of  the 
refractivity  by  a  simple  integration  with  respect  to  the  coordinate  in  the  direction  of 
propagation.  The  correlation  function  of  the  field  is  known.  The  correlation  function  of 
refractivity  is  therefore  obtained  by  solving  an  integral  equation. 

A  test  was  made  to  see  whether  this  method  yielded  reasonable  results  when  applied  to 
the  measurements  in  the  2000  MHz  range.  If  so,  it  must  be  concluded  that  beyond-the- 
horizon  propagation  in  this  frequency  range  is  due  to  scattering.  The  results  of  this  test 
are  now  summarized  briefly. 

The  correlation  function  pN  of  the  refractivity  turned  out  to  be  a  Norton  function  of 
order  one-third: 

/0N  -  Nl/3/{(x/lx)2  +  (y/Iy)2  +  (z/Jz)2}  ,  (1) 

where  x  is  the  coordinate  in  the  direction  of  propagation,  y  and  z  are  perpendicular 
to  this  direction,  y  horizontal,  z  vertical.  L  ,  l  and  L  are  the  scale  lengths 

A  J  Z 

in  these  directions  and 
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2l~v 

N*  =  l*rK„(l*l)  .  (2) 

being  a  modified  Bessel  function  of  the  second  kind. 

The  corresponding  one-dimensional  wave  number  spectrum 


SN 


2^5/6) 

r<i/2)ra/3) 


(i  + 1*-2)' 


5/6 


When  l  k  »  l  ,  approximately 


SN 


~  *-5/3 


(3) 


(4) 


Hence  the  well  known  five-third  spectrum  that  Kolmogorov  and  Oboukhov  proposed  for  the 
inertial  subrange  has  been  derived  from  the  measurements. 


Theoretical  investigations2,3  have  shown  that  a  very  simple  relation  exists,  connecting 
the  scale  lengths  lx  ,  ly  ,  l£  of  the  refractivity  with  the  scale  lengths  Lx  ,  Ly  and  Lz 
of  the  field.  In  the  case  of  a  symmetrical  path 


L  -21,  L  =  2 1 
y  y  z  *  z 


L  -«  oo  . 


(5) 


Since  the  scale  lengths  of  the  field  are  known  from  the  measurements  (Ly  ~  Lz  ^8m),  on 
the  average  the  scale  lengths  of  the  refractivity  are 


ly  =  lz  =  4  m  .  (6) 

The  measurements  do  not  provide  the  scale  length  lx  in  the  direction  of  propagation. 

But,  since  it  is  a  horizontal  scale  length,  it  ought  to  equal  Zy  ,  at  least  on  the  average. 
Prom  these  results  we  infer  that  the  tropospheric  structure,  causing  propagation  in  the 
2000  MHz  range,  is  nearly  isotropic. 


The  temporal  variations  of  the  field  allow  conclusions  to  be  drawn  about  the  corresponding 
temporal  variations  of  the  refractivity.  They  can  both  be  split  up  into  a  drift  and  fluctua¬ 
tion  terra.  Let  VDy  and  VDz  be  the  drift  components  of  the  field,  vQy  and  vQZ  those 
of  the  refractivity.  Then,  with  a  symmetrical  path, 


'oy 


2v 


oy 


DZ 


=  2v 


oz 


(7) 


These  relations  proved  to  agree  with  the  measurements,  when  vQy  was  Identified  with  the 
mean  wind  component  in  the  common  volume.  VDz  was  found  to  be  zero.  No  mean  vertical 
wind  therefore  exists,  as  expected. 


The  vertical  component  of  the  fluctuation  velocity  of  the  air  in  the  common  volume, 
deduced  from  the  measurements  in  the  field,  turned  out  to  be  of  the  order  of  1ms’1  or.  the 
average.  By  definition,  this  quantity  is  root -mean-square  deviation  of  the  local  wind 
speed  from  the  mean  vertical  motion  of  the  air  in  the  whole  common  volume  and  is  therefore 
not  identical  with  the  vertical  turbulence  velocity,  as  measured  by  meteorological  methods. 
Large  a^ale  convective  vertical  motions  are  incorporated  in  the  fluctuation  velocity  as 
Just  defined. 

Antennae-to-medium  coupling  losses  determined  from  theory,  using  the  above  results,  are 
in  good  agreement  with  measured  gain  losses. 

The  transmission  loss  A  relative  to  free  space  ought  to  increase  slightly  as  the 
frequency  f  increases,  i.e. 
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A  ~  f‘l/3  .  (8) 

This  relation,  unfortunately,  could  not  yet  be  tested  by  experiment. 

These  results  show  that  there  can  be  no  doubt  that  beyond-the-horizon  propagation  in 
the  frequency  range  between  1500  MHz  and  2000  MHz  is  due  to  scattering  caused  by  nearly 
isotropic  inhomogeneities  of  the  refractivity.  Only  in  the  case  of  a  common  volume  lying 
with  its  main  part  in  the  lowest  600  m  above  ground  does  a  share  of  partial  reflection 
seem  to  exist  in  this  frequency  range. 


3.  THE  DEPENDENCE  ON  ALTITUDE  OF  THE  INHOMOGENEITIES 
OF  THE  REFRACTIVITY 

If  we  want  to  calculate  propagation  curves  for  scatter  propagation,  not  only  the 
correlation  function  of  the  refractivity  N  ,  but  also  the  dependence  on  height  of  the 
inhomogeneity  N7  must  be  known.  The  backscatter  measurements  with  a  vertical  pointing 
radar  as  described  by  Grosskopf1  are  one  of  the  means  of  getting  this  height  dependence. 

A  method  of  calculating  an  average  height  dependence  using  routine  radiosonde  data  is  now 
outlined. 

Let  us  look  for  the  sources  of  the  inhomogeneity  ff5  .  They  ought  to  coincide  with  the 
sources  of  the  inhomogeneities  of  the  potential  temperature  and  specific  humidity. 
Inhomogeneity  of  any  exchangeable  quantity  now  needs  a  steep  gradient  of  this  quantity  as 
well  as  turbulent  motion.  A  small  turbulent  motion  nearly  always  exists  in  the  tropo¬ 
sphere.  But  there  are  well  mixed  regions  without  any  gradient  of  potential  temperature 
and  specific  humidity.  No  inhomogeneity  can  arise  from  these  regions.  The  main  sources 
of  inhomogeneity  therefore  will  be  the  regions  with  a  steep  gradient  of  potential  temper¬ 
ature,  of  specific  humidity,  or  of  both. 

The  backscatter  measurements  using  a  vertical  pointing  radar  are  consistent  with  this 
model.  The  inhomogeneities  of  the  refractivity  are  concentrated  in  distinct  layers,  mostly 
having  short  life  times. 

Using  this  model,  we  attempted  to  calculate  the  dependence  on  altitude  of  the  inhomo¬ 
geneity  N7  by  means  of  routine  radiosonde  data.  The  data  for  four  months  -  February, 

May,  Augu:- 1  and  November  1965  -  have  been  evaluated  for  this  purpose.  Instead  of  describing 
in  detail  the  method  and  the  theoretical  background,  Figure  1  shows  the  result.  The 
inhomogeneity  proves  to  be  nearly  constant  up  to  an  altitude  of  1800m  and  then  decreases 
exponentially.  Up  to  4  km  approximately,  except  the  lower  500  m,  this  profile  agrees  with 
that  found  from  the  backscatter  measurements.  The  existence  of  the  peak  at  the  tropopause 
was  proved  by  Atlas  and  Hardy4  by  means  of  a  high  power  radar. 


4.  A  MODEL  OF  THE  TROPOSPHERE 

The  following  model  of  the  troposphere  may  be  deduced  from  the  above  results:  A  large 
number  of  scattering  leaves  with  finite  extension  are  embedded  in  weakly  scattering 
atmosphere.  These  leaves  (or  refractivity  clouds5)  are  connected  with  steep  gradients  of 
refractivity.  In  the  lower  2  km  these  leaves  presumably  are  caused  by  the  caps  of  rising 
convection  bubbles;  above  2  km  they  may  be  due  to  inversion  layers.  Large  diurnal 
variations  of  the  inhomogeneity  in  the  lower  2000  m,  with  a  maximum  in  the  early  afternoon, 
seem  to  confirm  this  explanation. 

The  horizontal  extension  of  the  leaves  could  not  be  measured  by  the  radar.  But  a  quite 
different  method  allows  conclusions  to  be  drawn  about  this  quantity.  Beyond-the-horizon 
propagation  at  100  MHz  must,  for  many  reasons,  be  due  to  some  mechanism  other  than  scatter¬ 
ing.  The  small  fading  rate  (0.01  Hz)  is  one  of  these  reasons.  It  corresponds  to  horizontal 
scale  lengths  of  some  hundred  metres  up  to  some  kilometres  and  hence  is  not  caused  by  the 
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isotropic  inhomogeneities  causing  scattering  at  higher  frequencies.  The  leaves  of  enhanced 
lnhonogeneity  are  now  connected  with  steep  refractivity  gradients.  Hence  partial  reflection 
at  these  gradients  may  be  the  main  cause  of  beyond-the -horizon  propagation  at  100  MHz  and 
presumably  at  frequencies  up  to  at  least  500  MHz.  We  deduce  that  the  measured  horizontal 
scale  lengths  of  some  hundred  metres  up  to  some  kilometres  ought  to  be  identical  with  the 
horizontal  extensions  of  the  leaves  of  enhanced  inhouogenelty. 


5.  CONCLUSIONS 

Beyond-the-horizon  propagation  with  frequencies  above  1000  MHz  seems  to  be  explained 
best  by  scattering  from  nearly  isotropic  inhomogeneities  of  the  refractivity.  The  wave 
number  spectrum  of  the  refractivity  agrees  with  that  deduced  from  turbulence  theory.  The 
scale  lengths  in  the  three  directions  of  space  amount  to  4 m  approximately.  Measured 
diversity  spacings,  fading  rates  and  antennae -to-medium  coupling  losses,  as  well  as  the 
wave  number  spectrum  of  the  field,  agree  very  well  with  this  model. 

Hie  scattering  inhomogeneities  arise  in  regions  with  a  steep  gradient  of  refractivity. 
Hence  they  are  concentrated  in  leaves  of  finite  extension,  the  so-called  refractivity 
clouds,  which  reflect  the  lower  frequencies  and  scatter  the  higher  ones. 

On  the  average  the  inhomogeneity  is  constant  up  to  about  two  kilometres  and  then 
decreases  at  higher  altitudes.  Near  the  tropopause  a  peak  of  the  inhomogeneity  is  expected. 

As  shown,  this  model  of  the  troposphere  seems  to  explain  most  of  the  known  effects  in 
tropospheric  beyond-the-horizon  propagation. 
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SUMMARY 


In  the  period  range  of  several  minutes,  wave-like  variations  of  VHP 
field  strength  observed  on  transhorizon  links  correlate  with  periodical 
micropressure  variations  observed  with  the  aid  of  sensitive  baro- 
variographs.  The  coincidence  of  nearly  periodical  variations  of  atmos¬ 
pheric  pressure  and  field  strength  depends  on  the  presence  of  discon¬ 
tinuities  in  the  vertical  profile  of  the  refractive  index  for  microwaves 
In  the  lower  atmosphere. 

Pressure  variations  in  the  period  range  mentioned  are  caused  by 
internal  gravity  waves  which  result  in  a  moving  wavy  structure  of  the 
boundary  layers.  These  rippled  layers  are  thought  to  influence  the 
fading  characteristics  of  the  received  field  strength  on  transhorizon 
microwave  links. 
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MICROWAVE  PROPAGATION  INFLUENCED  BY  INTERNAL  GRAVITY  WAVES 
Gerda  Fengler  and  Gerd  Stilke 


1.  INTRODUCTION 

For  transhorizon  links  the  propagation  of  UHF  and  VHF  radio  waves  can  most  often  be 
related  to  the  mechanism  of  scattering  from  areas  always  existing  in  the  turbulent 
atmosphere.  This  propagation  mechanism  is  often  modified  by  reflection  from  layer-type 
discontinuities  in  the  lower  atmosphere. 

Of  particular  interest  is  the  case  of  an  undulating  tropospheric  layer.  This  problem 
has  been  studied  by  Gossard1,  by  discussing  the  observed  parameters  of  atmospheric  internal 
waves  in  relation  to  their  implications  for  radio  and  radar  coverage.  Waterman  and  Strohbehn2 
analysed  beam-swinging  experiments,  assuming  a  wavy  layer  moving  perpendicular  to  the  radio 
path.  Further  work  along  these  lines  has  been  done  by  Gjessing  and  Irgens3, 

The  paper  presented  here  deals  with  the  influence  of  a  moving  rippled  layer  on  the  fading 
characteristics  of  VHF  signals  on  transhorizon  links.  The  following  topics  are  discussed: 

(a)  Measurements  of  micropressure  variations  on  the  ground,  and  the  analysis  of  these 
measurements  from  which  the  existence  of  gravity  waves  in  the  lower  troposphere  is 
deduced. 

(b)  Corresponding  measurements  of  electromagnetic  (92.  4  MHz)  field  strength  fadings. 

(c)  The  synthesis  of  both  parameters  which  results  in  the  phenomenon  of  reflection  from 
moving  wavy  boundary  surfaces. 


2.  GRAVITY  WAVES  AND  MICROPRESSURE  VARIATIONS 

The  theoretical  treatment  of  gravity  waves  in  a  vertically  multiple  stratified  medium 
leads  to  wave  duct  considerations.  In  the  earth’s  atmosphere,  the  slow  settling  of  air 
from  a  high  pressure  system  produces  particularly  stable  layers  and  inversions  of  tempera¬ 
ture.  If  a  temperature  inversion  layer  is  embedded  in  layers  of  less  static  stability,  this 
layer  may  act  as  a  duct  for  gravity  waves  with  periods  within  a  distinct  range  (e.g.  2-20 
minutes),  depending  on  the  specific  stratification. 

Figure  1  presents  a  three-layer  model  of  the  lower  atmosphere  with  the  fundamental  mode 
of  a  gravity  wave  propagating  in  the  inversion  layer.  Evanescent  waves  propagate  in  the 
adjacent  layers.  Also  shown  are  the  assumed  vertical  profiles  of  potential  density  /Opot 
and  potential  temperature  Tpot  ,  the  flow  pattern  and  the  vertical  profiles  cf  +he  ampli¬ 
tudes  of  the  streamline  components,  u'  (horizontal)  and  w'  (vertical).  The  amplitudes  of 
the  pressure  variations  p'  due  to  the  wave  motion  would  show  the  same  vertical  dependence 
as  the  streamline  component  u'  .  Near  the  ground  the  pressure  variations  are  of  the  order 
of  0.  1  mb. 

The  propagation  of  these  gravity  waves,  especially  in  low  level  ducts  (ground-based 
inversions)  may  best  be  seen  in  vertical  cross- sections  of  the  atmosphere.  Figure  2  shows 
the  isentropic  field,  calculated  from  temperature  measurements  at  six  different  altitudes 
up  to  250  m  on  a  mast,  and  the  vertical  wind  component  at  three  altitudes,  together  with 
the  pressure  variations  at  ground  level  and  the  variations  of  wind  direction  and  wind  speed 
during  the  passage  of  a  gravity  wave. 
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The  speed  and  the  direction  of  these  ducted  gravity  waves  may  be  deduced  from  atmospheric 
pressure  measurements  by  a  network  of  microbarograph  stations4.  As  an  example,  Figure  3 
shows  the  propagation  of  a  wave  front  at  5-minute  intervals. 

Marked  pressure  oscillations  due  to  gravity  waves  are  mostly  observed  in  calm  weather 
conditions.  A  good  coherence  sometimes  exists  between  waves  recorded  at  stations  farther 
apart  than  100  km. 

In  the  Hamburg  area,  wave  fronts  and  phase  velocities  of  pressure  waves  could  be  deduced 
every  fifth  day  (long  term  mean),  in  comparing  phases  from  at  least  three  microbarograph 
stations  (5  -  10  km  apart).  The  values  most  frequently  obtained,  from  more  than  1000  waves 
during  a  three-year  period  of  observation  are  as  follows5: 


periods: 

5  - 

15  min 

wavelengths: 

3  - 

15  km 

phase  velocities: 

2  - 

20  ms" 

Whenever  radiosonde  ascents  were  available  at  the  time  of  the  occurrence  of  the  micro¬ 
pressure  variations,  temperature  inversion  layers  below  3000  m  altitude  were  observed  simul¬ 
taneously.  Therefore,  it  seems  justified  to  associate  the  observed  pressure  oscillations 
with  the  propagation  of  gravity  waves  in  atmospheric  wave  ducts  in  the  lower  troposphere. 

When  it  is  thin,  the  wave  duct  may  be  replaced  by  a  boundary  surface  separating  two  media 
of  different  density.  In  this  case  the  wave  is  a  true  surface  wave,  showing  an  exponential 
decrease  of  amplitude  in  the  vertical  direction. 

It  is  estimated  that  the  undulating  discontinuity  ma;'  show  vertical  displacements  up  to 
more  than  1/10  of  the  height  of  the  discontinuity:  the  amplitudes  of  the  inclination  angle 
often  amount  to  1°  (17.45  mrad)  or  more. 


3.  EXPERIMENTAL  ARRANGEMENT 

To  investigate  the  fading  characteristics  of  VHF  signals,  three  radio  paths  in  the 
northern  part  of  Germany  are  operated: 

Berlin  -  Hoehbeck 
Berlin  -  Hamburg 
Berlin  -  Heligoland 

with  path  lengths  of  135,  243,  and  400  km,  respectively  (Fig.  4)  and  frequency  92.  4  MHz. 

At  the  receiving  stations  the  field  strength  is  recorded  continuously  with  strip  chart 
recorders  at  a  speed  of  12  cm  per  hour. 

In  conjunction  with  these  measurements,  at  all  the  sites  mentioned,  simultaneous  re¬ 
cordings  of  air  pressure  are  taken  by  highly  sensitive  barographs  (Section  2). 

Insight  into  the  vertical  structure  of  the  troposphere  was  obtained  by  the  scheduled 
radiosonde  ascents  at  Schleswig  (S),  Emden  (E),  Hannover  (H),  and  Berlin  (B),  as  well  as 
by  individual  ascents  at  Bergen  (BH). 


21-3 


4.  EVALUATION  OF  THE  OBSERVATIONS 
4.1  Statistical  Results 

Comparison  of  the  field  strength  and  micropressure  recordings  showed  that  in  about  80% 
of  all  cases  with  nearly  periodical  variations  of  micropressure,  nearly  periodical  varia¬ 
tions  of  field  strength  were  also  observed,  if  a  time  delay  of  one  hour  between  the  two 
recordings  was  allowed  for.  The  periods  of  corresponding  oscillations  range  from  2  to  30 
minutes,  most  of  them  having  a  duration  of  about  10  minutes,  and  the  duration  of  correspon¬ 
ding  wave  trains  extends  up  to  3  hours. 

Detailed  investigations  covering  the  measurements  of  micropressure  at  Hoehbeck  and  field 
strength  in  Hamburg  during  the  period  January  1966  to  December  1967  showed  that  simultaneous 
periodical  variations  of  both  parameters  were  always  correlated  -  whenever  radiosonde  ascents 
were  available  at  the  time  of  observation  -  with  the  presence  of  a  layer-type  discontinuity 
below  3000  m  altitude,  with  pronounced  vertical  variation  of  the  atmospheric  refractive 
module  N  for  microwaves. 

Furthermore  it  became  obvious  that  the  coincidence  of  the  variations  was  most  pronounced 
if  the  discontinuity  in  N  was  situated  in  the  height  range  from  about  500  to  700  m  above 
mean  sea  level.  Otherwise,  shorter  period  oscillations  were  superimposed  on  the  field 
strength  variations. 

The  refractive  module  N  for  microwaves  depends  on  temperature  T  (°K),  partial  water 
vapour  pressure  e  (mb),  and  atmospheric  pressure  p  (mb)  according  to  the  relation 


where  n  is  the  refractive  index. 

As  shown  in  Section  2,  internal  gravity  waves,  producing  periodical  pressure  variations 
on  the  ground,  are  ducted  in  a  horizontal  layer  of  higher  static  stability  (higher  gradient 
of  potential  temperature)  than  below  or  above.  On  the  other  hand,  the  propagation  of 
electromagnetic  waves  depends  on  the  vertical  gradient  of  the  refractive  index,  which  is 
most  strongly  influenced  by  the  humidity  gradient.  Since  a  temperature  inversion  does  not 
always  correspond  to  the  strongest  humidity  gradient  and  vice  versa,  it  is  evident  that  no 
perfect  correlation  between  periodical  variations  of  micropressure  and  field  strength  can 
be  expected. 

4.2  Analysis  of  Individual  Cases 

Some  examples  of  observations  may  demonstrate  the  cases  in  which  it  is  assumed  that 
gravity  waves  will  cause  the  propagation  of  electromagnetic  waves  by  oscillating  the 
boundary  surface  of  an  atmospheric  discontinuity  in  the  common  volume  of  transmitter  and 
receiver. 

(A)  On  9  June  1966,  from  3.00  to  4.30  CET,  periodical  pressure  variations  were  observed 
at  Hoehbeck  with  amplitudes  of  0.2  mb  and  periods  ranging  from  15  to  20  min.  If  these  are 
compared  with  the  field  strength  variations  recorded  at  the  receiving  stations  Hoehbeck 
and  Hamburg,  it  becomes  evident  that  the  field  strength  fadings  have  nearly  the  same  shape 
as  the  pressure  variations  but  that  they  last  from  2.35  to  4.00  CET  at  Hoehbeck  and  from 
3.10  to  4.40  CET  at  Hamburg. 

By  shifting  the  time  scales  by  up  to  25  min  the  coincidence  of  the  variations  becomes 
obvious  (Fig.  5).  The  available  radiosonde  ascents  indicate  a  temperature  inversion  of 
3  to  4  °c  at  a  height  between  250  and  400  m  (Fig.  6).  The  corresponding  discontinuity  of 
the  refractive  module  is  defined  by  AN  =  -0.141  m' 1  .  (Normal  atmosphere  An  =  -0.039  m*1). 
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It  can  be  concluded  that  the  pressure  variations  are  due  to  internal  gravity  waves  and 
the  field  strength  variations  are  caused  by  partial  reflections  from  the  moving  wavy 
boundary  surface. 

To  explain  the  time  shift  we  further  assume  that  the  wave  pattern  of  the  boundary  surface 
first  reached  the  centre  of  reflection  of  the  Berlin  -  Hoehbeck  link  and  about  25  min  later 
the  centre  of  the  longer  path  between  Berlin  and  Hamburg.  Since  the  centre  of  reflection  of 
the  Berlin  -  Hamburg  path  is  located  almost  directly  over  Hoehbeck,  it  is  understandable 
that  the  field  strength  variations  of  this  path  were  observed  almost  at  the  same  time  as 
the  pressure  variations  at  Hoehbeck. 

(B)  On  19  February  1966,  the  variations  of  micropressure,  observed  at  Hoehbeck  from 
6.00  to  8.30  CET,  and  of  field  strength  simultaneously  recorded  by  the  Berlin  -  Hamburg 
link  (Fig.  7)  are  assumed  to  correspond  to  a  moving  wave  pattern  at  a  boundary  layer  at 
about  800  to  900  ra  height  (Fig.  8).  This  layer  is  characterised  by  a  strong  gradient  in 
temperature  and  refractive  module,  and  a  vertical  wind  shear,  as  indicated  by  the  Berlin 
radiosonde  ascent. 

Here  short  period  fading  is  superimposed  on  the  long  period  fadings  to  a  much  greater 
extent  than  in  Example  A.  This  fact  corresponds  to  the  greater  number  of  possible  ray  paths 
at  this  height  between  transmitter  and  receiver  and  consequently  also  to  more  reflected 
waves  interfering  at  the  receiving  station. 

(C)  The  third  example  (Fig. 9)  demonstrates  coincident  variations  of  micropressure  and 
field  strength  which  correspond  to  a  ground-based  inversion  layer  more  than  1000  m  thick 
(Fig.  10). 

On  22  November  1967,  a  group  of  wavelike  pressure  variations  with  periods  of  about  8  min 
was  recorded  at  Hoehbeck  as  well  as  in  the  Hamburg  area.  This  wave  group  correlated  with 
variations  of  field  strength,  first  observed  at  Heligoland,  about  20  min  later  at  Hamburg, 
and  30  min  later  at  Hoehbeck.  For  this  reason  it  can  be  concluded  that  a  rippled  layer  was 
moving  in  the  direction  from  Heligoland  to  Berlin,  according  to  the  various  reflecting  centres 
of  the  three  radio  links. 

It  is  assumed  that  gravity  waves  were  ductid  in  the  ground-based  inversion  layer,  pro¬ 
ducing  maximum  vertical  displacements  of  the  surfaces  of  equal  potential  temperature  and 
potential  refractive  module  near  the  upper  boundary  of  the  layer  at  about  1200  m  above 
mean  sea  level. 

As  shown  in  a  previous  paper6,  only  ground  inversions  of  this  thickness  can  influence 
the  radio  wave  propagation  on  links  as  long  as  the  Berlin  -  Heligoland  path  (400  km). 
Futhermore,  the  micropressure  variations  observed  in  the  Hamburg  area  by  a  network  of 
eight  barograph  stations  confirm  the  assumed  propagation  direction  of  the  gravity  wave. 


5.  CONCLUSIONS 

Micropressure  variations  and  VHF  field  strength  fadings  observed  on  transhorizon  links 
are  correlated.  The  analysis  of  the  observations  leads  to  the  conclusion  that  the  observed 
fading  periods,  in  the  range  2  to  30  minutes,  of  radio  waves  reflected  from  atmospheric 
discontinuities  are  due  to  gravity  waves  propagating  in  the  lower  troposphere. 


21-5 


REFERENCES 


1.  Gossard,  E.  E. 


2.  Waterman,  A.  T, 
Strohbehn,  J.  W. 


The  Reflection  of  Microwaves  by  a  Refractive  Layer  Perturbed 
by  flares.  Institute  of  Radio  Engineers,  Transactions  on 
Antennas  and  Propagation,  Vol.AP-10,  1962,  pp.  317-325. 

Reflection  of  Radio  Waves  from  Undulating  Tropospheric  Layers. 
Journal  of  Research,  National  Bureau  of  Standards,  Vol.67D, 
1963,  pp.  609 -616. 


3.  Gjessing,  D.  T. 
Irgens,  F. 


4.  Stilke,  G. 

5.  Stilke,  G. 


6.  Fengler,  G. 


On  the  Scattering  of  Electromagnetic  Waves  by  a  Moving 
Tropospheric  Layer  having  Sinusoidal  Boundaries .  Institute  of 
Electrical  and  Electronic  Engineers,  Transactions  on  Antennas 
and  Propagation,  Vol.AP-12,  1964,  pp.  51-64. 

Registrierung  von  Luf tdruckwellen  im  Subschal Igebie t . 
Zeitschrift  fur  Geophysik,  Vol.33,  1967,  pp.  147-154. 

Some  Aspects  of  Micropressure  Measurements  for  the  Evaluation 
of  Internal  Haues  in  the  Atmosphere.  Proceedings,  1964  World 
Conference  on  Radio  Meteorology,  Boulder,  Colorado,  1964, 
pp.  92-93. 


Untersuchungen  der  elektromagnetischen  Wellenausbreitung  im 
500  MUz-Bereich  liber  Land  unter  besonderer  Ber'ucksichtigung 
der  meteorologischen  Bedingungen.  Berichte  des  Instituts  fur 
Radiometeorologie  und  Maritime  Meteorologie  an  der  Universitttt 
Hamburg,  Bericht  Nr.  8,  1964,  p.  158. 


Three-layer  model  of  the  lower  atmosphere  with  ducted  gravity  waves  (fundamental 
mode),  vertical  profiles  of  potential  density  p  t  ,  potential  temperature  T 
perturbation  values,  and  schematic  cross-section  through  the  wave  pattern 


CET 


2«  2*’  2'"  2'*  2’  2*  2  » 


2 «  2'*  2"  2“*  2  2-‘  7» 

• —  CET 


Gravity  wave  propagation  in  a  ground-based  temperature  inversion.  Measured  cross 
section  of  isentropic  surfaces,  perturbation  values  of  wind  and  pressure 


Gravity  wave  crossing  the  Hamburg  microbarograph  network.  Wave  front  displacement 

in  5-minute  intervals 


Geographic  location  of  the  radio  links  and  the  micropressure  stations,  as  well  as 

the  radiosonde  stations 


Recordings  of  corresponding  variations  of  micropressure 

E  on  19  February  1966 


p  and  field  strength 


-  Bergen -Hohne  06'5 

-  Berlin  0700 


\ 


CET 


Vertical  profiles  of  temperature  T  ,  wind  and  refractive  module  N  ,  derived 
from  radiosonde  ascents  at  various  stations  on  19  February  1966 


s 


Nov.  22,  1967 


Fig. 9.  Recordings  of  corresponding  variations  of  micropressure  p  and  field  strength 

E  on  22  November  1967 


.  Schleswig  j 

-  Emden  ?  0 1 00  CET 

-  Hannover  J 

Fig. 10.  Vertical  profiles  of  temperature  T  ,  wind,  and  refractive  module  N  ,  derived 
from  radiosonde  ascents  at  various  stations  on  22  November  1967 
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SUMMARY 


Many  important  parameters  of  tropospheric  scatter  propagation  can  be 
derived  from  the  statistical  structure  of  the  electromagnetic  field  at  the 
receiving  site  of  a  scatter  link.  This  field  structure  is  characterised  ty 
its  space  and  time  correlation  functions.  They  were  measured  with  a  418  km 
scatter  link  in  the  2000  MHz  frequency  range,  using  an  arrangement  of  three 
antennae.  Analytical  expressions  for  the  correlation  function  and  its  scale 
length  have  been  found. 
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INVESTIGATION  OF  THE  RECEIVING  FIELD 
FOR  SCATTER  PROPAGATION 

J.Grosskopf 


It  Is  well  known  that  in  the  most  general  case  the  field  strength  occurring  in  the 
vicinity  of  the  receiving  site  is  a  statistical  function  of  time  (t)  and  place  (x,y,z). 

These  statistical  variations  are  mainly  caused  by  multi-path  propagation  and  its  varia¬ 
tions  with  time.  As  a  rule,  the  field  of  the  distant  transmitter  does  not  only  arrive 
from  one  specific  direction,  but  with  an  angular  spectrum  within  a  cone  of  rays.  The 
aperture  of  this  cone  of  rays  is  a  decisive  factor  for  a  number  of  interesting  effects  con¬ 
cerning  the  technical  characteristics  of  the  receiving  arrangements.  Such  effects  are, 
inter  alia,  antennae- to-medium  coupling  loss  (gain  loss),  diversity  spacing  of  a  diversity 
installation,  transmissible  bandwidth,  accuracy  of  bearings  taken  by  means  of  direction 
finders  and  navigational  aids,  etc. 

It  is  obvious  that  it  must  be  possible  to  derive  all  these  effects  from  the  statistical 
characteristics  of  the  receiving  field.  These  characteristics  are  represented  by  the  time 
and  space  auto-correlation  functions  and  their  Fourier  transforms,  the  so-culled  power  and 
angular  spectra.  The  theoretical  principles  of  the  field  statistics  and  the  interdependence 
of  the  characteristic  statistical  functions  and  the  propagation  characteristics  mentioned 
above  have  been  evolved  by  many  British  and  American  scientists.  We  have  applied  them  to 
propagation  in  the  decimetric  and  centimetric  ranges,  mainly  to  the  scatter  propagation 
over  a  240  km  and  a  420  km  path. 

During  the  tests  performed  to  date  the  transmitters  radiated  at  discrete  frequencies  of 
2000  MHz  and  500  MHz.  The  transmitters  were  located  in  Hamburg  and  on  the  Hochblauen,  in 
the  southern  part  of  the  Black  Forest.  Reception  was  at  Darmstadt.  The  Hamburg-Darmstadt 
and  the  Hochblauen-Darmstadt  paths  are  418  km  and  242  km  respectively.  At  Darmstadt  three 
antennae  were  used  to  observe  the  variation  with  time  of  the  transmission  loss,  the  fading 
frequency  and,  mainly,  the  time  and  space  auto-correlation  functions.  These  parameters 
are  the  basis  for  the  determination  of  the  most  essential  propagation  effects  mentioned 
above,  i.e.  the  gain  loss,  the  diversity  spacing  required  for  two  antennae,  the  transmissible 
bandwidth,  the  fading  frequencies,  etc. 

The  method  used  for  measuring  the  auto-correlation  functions  is  very  simple.  The  recei¬ 
ving  field  is  received  with  two  or  three  low  directivity  antennae  (small  diameter  D  =  2  m. 

Fig. 1)  simultaneously.  The  envelope  curve  of  the  receiving  voltage  is  stored  magnetically 
(period  of  measurement  -  10  minutes)  and  then  applied  to  an  electronic  correlator  for  further 
evaluation.  The  latter  prints  the  correlation  coefficients  for  the  time  shifts  r  in  steps 
of  0.1s  0.5s  with  a  maximum  shift  of  7s.  In  this  connection  we  must  ensure  that  we  measure 
the  correlation  function. 


1  P+T  - 

Pa(t)  =  —  u(t)u(t  +  t)  dt  =  u(t)u(t  +  T)  (1) 

2tJ-t 

of  the  low  frequency  variations  u(t)  of  the  envelope  curve.  It  differs  from  the  correla 
tion  function  pHF  of  the  HF  amplitude  of  the  receiving  voltage.  In  1951  Bramley1 
showed  the  relations  which  exist  between  these  two  correlation  coefficients.  The  receiver 
characteristic  may  also  be  included.  It  is  always  pHF  >  pA  .  Hence,  the  measured  pA 
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must  be  converted  into  the  corresponding  pHF  by  means  of  Bramley’ s  relation.  As  for 
Rayleigh  distribution  of  the  amplitudes,  pgF  =  pk  applies  approximately,  nils  deals 
with  the  time  autocorrelation  function. 

The  space  autocorrelation  function  results  from  the  space  distribution  of  the  receiving 
voltage  u(t)  over  the  receiving  plane  -  which  is  perpendicular  to  the  direction  of  incidence 
of  the  radiation  -  at  a  given  time.  The  receiving  voltage  should  be  measured  in  this  plane 
simultaneously  at  as  many  and  as  closely  adjacent  points  ae  possible.  The  procedure  for 
the  determination  of  the  space  autocorrelation  function  should  then  be  applied  to  the 
“mountain"  of  field  strength  obtained  in  this  way.  The  time  variable  t  would  have  to  be 
replaced  by  the  space  variable  £  and  this  method  would  be  too  complicated.  It  can  be 
shown,  however,  that,  with  stationary  statistical  distributions,  the  time  cross-correlation 
coefficient  between  the  receiving  voltages  of  two  antennae  set  up  at  the  points  xQ  and 


p(xn-xQ)  =  p(g)  ~  u(t,x0)u(t,xn)  ,  (2) 

can  be  made  equal  to  the  space  autocorrelation  coefficient  p(g)  .  Hence,  when  using  three 
simultaneously  recorded  receiving  points  at  the  same  time,  we  have  already  three  points  of 
the  space  autocorrelation  function,  which  can  be  taken  to  determine  the  parameters  of  a 
particularly  appropriate  analytical  representation  of  the  auto- correlation  function.  This 
was  done  for  the  scatter  link  Hamburg- Darmstadt.  The  function 

=  rfs  (c)  v®  •  *ith  *  =  5/6  •  <3> 

proposed  hy  Norton,  was  found  to  be  a  particularly  appropriate  representation.  Here,  K„ 
is  modified  second-kind  Bessel  function  of  the  vth  ,  order,  and  L  is  the  correlation 
length.  For  y  =  L,  N5/6(L)  =  0.54.  The  magnitude  for  the  order  v(v  -  5/6)  was  thoroughly 
investigated  by  systematic  measurements.  It  was  found  that  individually  the  measured 
auto-correlation  functions  cannot  be  assigned  to  the  Norton  function  of  the  order  v  -  5/6, 
but  that  it  is  possible  to  do  so  with  the  monthly  average. 

This  applies,  however,  only  to  the  horizontal  correlation  lengths  and  not  to  the  vertical 
lengths.  In  his  paper  in  this  volume,  Mr  Fehlhaber  shows  that  the  Norton  function  Nv  , 
with  v  -  5/6  ,  can  also  be  substantiated  physically.  There  is  a  close  relation  between  the 
auto-correlation  function  PE(£)  at  the  place  of  reception  and  the  auto-correlation  function 
p(£)  of  the  turbulent  medium  in  which  the  scatter  process  takes  place.  Later  this  function 
was  used  to  determine  the  distribution  of  the  correlation  length  occurring  within  a  certain 
period  of  time.  The  distributions  are  listed  in  Table  I. 


It  is  well  known  that,  according  to  the  Wiener-Khintchine  theorem,  the  Fourier  transform 
of  the  space  auto- correlation  function  p(£)  is  identical  with  the  angular  spectrum  |f(S)|2 
of  the  incident  scattered  power,  namely, 


Pi& L> 


e-J (2^/X)^s  dS  f 


(4) 


where  £  is  the  position  coordinate  in  the  plane  perpendicular  to  the  direction  of  radia¬ 
tion.  which  may  be  either  in  the  y  or  in  the  z  direction,  S  -  sin  v-v  the  direction 
cosine  of  the  scattered  radiation  with  respect  to  the  main  direction  of  incidence  and 
|F(SL)  | 2  the  power  scattered  in  the  direction  S  .  L  is  the  scale  length  of  the  space 
auto- correlation  function,  which  can  be  defined  in  different  ways.  If  the  auto-correlation 
function  is  approximated  to  e'^Z/Lo  -  for  instance  by  a  Gaussian  function  -  which  is 
frequently  possible,  then  £  =  L0  corresponds  to  the  1/e  width  of  the  auto- correlation 
function.  In  this  case  the  relevant  angular  spectrum,  also  a  Gaussian  function,  has  the 
1/e  angular  width: 
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(5) 


Thus,  the  aperture  of  the  incoming  cone  of  scattered  rays  SQ  can  be  derived  from  the 
length  Lfl  of  the  auto-correlation  function.  S8  is  apparently  inversely  proportional 
to  the  length  of  the  auto-correlation  function. 


To  begin  with,  it  is  very  simple  to  derive  the  magnitude  of  the  gain  loss  and  the 
necessary  diversity  spacing  as  a  function  of  the  diameter  from  this  magnitude  SQ  . 

Let  us  assume  that  the  pattern  of  the  main  beam  of  the  receiving  antenna  can  be 
approximated  by 


Experience  has  shown  that  this  is  a  fair  approximation  for  antenna  patterns  with  a 
higher  directivity.  In  general,  the  main  beam  of  the  antenna  cuts  a  certain  portion  out 
of  the  cone  of  the  incident  scattered  rays  with  the  aperture  S8  .  This  portion  depends 
upon  the  size  of  the  cone  of  scattered  rays,  Sge8  ,  actually  received  by  the  antenna 
according  to  the  relation 


,-s2/s5e. 


-SJ/S2  -S2/SA 

e  8  e  A 


with 


ges 


(7) 


By  means  of  the  Wiener-Khintchine  relation  is  is  possible  to  assign  a  new  auto-correla¬ 
tion  function  to  this  effective  angular  spectrum  modified  by  the  antenna  aperture.  For  a 
Gaussian  behaviour  of  the  auto-correlation  function  we  obtain  a  new  correlation  length 


Sg  is  the  1/e  width  of  the  cone  of  rays  setting  up  the  receiving  field  and  LQ  the 
relevant  correlation  or  diversity  spacing  at  which  the  correlation  decreases  to  1/e  . 
Apparently,  L0  is  assumed  for  SA  »  Sg  ,  i.e.  for  a  very  weak  directivity  of  the 
receiving  antenna.  When  replacing  the  aperture  of  the  cone  of  scattered  rays,  from  (5), 
by  S8  =  VttL0  and  the  antenna  aperture  (half-power  beamwidth)  by  the  antenna  diameter 
2Sa  =  70  A/D  ,  we  obtain 


L=  L0/ El  +  (0.43  D/L0)2]  .  (9) 

For  antennae  having  very  large  diameters  of  D»  L„,  L  -  0.  43  D  ,  and  if  they  are  set 
up  so  as  to  touch  each  other,  the  condition  for  a  good  diversity  effect  with  p  <  1/e  is 
therefore  always  met. 

The  gain  loss  results  from  similar  considerations.  We  obtain  the  formula 

L 

=  20  log  —  , 
^0 

(10) 

where  A  is  the  effective  area  of  the  antenna  and  D  is  the  antenna  diameter.  The  loss 
Ag  of  the  antenna  gain  for  the  reception  of  scatter  radiation  with  respect  to  free-space 
radiation  concentrated  on  one  direction  is  expressed  in  dB  .  Table  II  shows  the  results 
of  the  gain  loss  measurements  from  on  the  Hamburg  -  Darmstadt  path. 


22-4 


Furthermore,  we  were  interested  in  the  angle  of  elevation  of  the  central  axis  of  the 
cone  of  scattered  rays  at  the  receiving  site.  For  this  purpose,  the  field  received  from 
Hamburg  over  the  418  km  scatter  path  was  observed  at  Darmstadt  with  the  help  of  a  two- 
antenna  interferometer.  The  two  2  m  receiving  paraboloids  forming  the  interferometer 
were  arranged  vertically  one  above  the  other  at  a  distance  of  2  m.  The  two  receiving 
voltages  were  combined  alternately  in  anti-phase  for  two  minutes  and  in-phase  for  one 
minute.  At  the  same  time  the  phase  difference  between  the  antennae  was  continuously 
shifted  in  steps  of  0.0917°  corresponding  to  the  1.6  mrad  angle  of  elevation.  Another 
30-step  phase  shifter  was  used  for  this  purpose.  The  angular  range  within  which  the  minimum 
of  reception  is  to  be  expected  in  the  case  of  anti-phase  and  the  maximum  in  the  case  of 
in-phase  is  covered  during  a  period  of  about  30  x  3  =  90  minutes.  The  receiving  amplitude 
is  recorded  by  an  ink  recorder  and  evaluated  manually  (Fig.  2). 

The  theory  of  the  measurement  is  Quite  simple.  The  incoming  powers  (square-law  detection) 
in  the  maximum  and  minimum  of  the  30-step  scan  are  proportional, 

Pmax  ~  1  +  P  “d  Pmin  ~  1  "  P  • 

where  p  is  the  correlation  coefficient  p( d)  of  the  two  antennae  set  up  at  a  d/m  space. 

The  position  of  the  minimum  within  a  scan  indicates  the  angle  of  elevation;  Pfflax  and  Pfflin 
are  used  to  determine  the  correlation  coefficients  and,  for  a  fixed  space  d  between  the 
two  interferometer  antennae,  the  correlation  length  Lz  ,  and  from  that  the  angular  aperture 
of  the  cone  of  scattered  rays.  The  following  mean  values  were  obtained  from  15  measurements 
made  during  the  period  from  20  October  1967  to  1  December  1967  in  the  morning  and  the  early 
afternoon.  The  mean  value  o_f_  Lz  was  Lz  =  8.6  +  0.30  m  ,  the  half-power  beamwidth  of  the 
cone  of  scattered  rays  was  #H  =  0.  25°  ±  0.01°  -4.4  mrad,  the  angle  of  elevation  with 
respect  to  the  horizontal  was  a  =  1.  9  mrad  and  the  angle  of  elevation  with  respect  to  the 
horizon  was  y  -  0.  3°  -  18'  ^  5.25  mrad.  Consequently,  the  best  direction  of  radiation  for 
this  path  is  0.3°  above  the  horizon. 


The  tropospheric  Influence  on  the  transmission  loss  of  a  scatter  link  can  be  indicated 
by  a  scatter  parameter  S  =(1/1)  (Ae/e)z,  where  (Ae/e)!  ~  (Ae  )z  is  the  mean  square 
variation  of  the  permittivities  of  the  inhomogeneous  scattering  medium  (troposphere)  and  1 
is  a  measure  for  the  space  correlation  length  of  the  inhomogeneities. 


In  order  to  calculate  the  transmission  loss  it  is  necessary  to  determine  experimentally 
the  magnitude  (Ae/e)2,  which  is  a  function  of  time  and  height.  This  was  done  on  the  basis 
of  aerological  balloon  and  refractometer  ascents.  An  article  hy  Norton,  et  al2,  included  a 
graphical  representation  of  S  as  a  function  of  h  .  Here  S(h)  is  constant  up  to  a  height 
of  1  km.  For  heights  exceeding  1  km  it  decreases  with  h*2  .  For  vertical  incidence  in  the 
troposphere,  i.e.  for  6  -  v,  the  scatter  coefficient  of  the  troposphere  is 


a  ~  S 


1 

I 


(12) 


for  4nl/k  »  1  . 

At  this  stage  it  is  natural  to  investigate  the  vertical  structure  of  the  troposphere 
existing  in  the  case  of  vertical  incidence  by  means  of  a  vertical  radar.  The  scatter 
parameter  S  is  immediately  derived  from  the  scatter  coefficient  measured  in  this  connec¬ 
tion,  At  Darmstadt  such  measurements  were  made  on  wavelengths  of  10  cm  and  3  cm.  The 
10  cm  radar  has  a  peak  power  of  80  kW.  The  3m  transmitting  and  receiving  parabolas  were 
installed  side  by  side  in  the  ground,  so  as  to  suppress  secondary  radiation.  Within  a 
height  range  from  300  to  7000  m  the  echoes  returning  from  the  troposphere  could  be  measured 
quantitatively  with  satisfactory  accuracy.  Below  300  m  some  trouble  was  caused  by 
secondary  radiation  and  overshooting  of  the  circuits,  due  to  the  basic  impulse;  above  7000  m 
it  was  generally  impossible  to  separate  tropospheric  noise  and  receiver  noise.  The  echoes 
arriving  simultaneously  from  all  heights  were  separated  by  means  of  gate  circuits  with 
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variable  delay  line,  which  scanned  the  height  range  between  300  m  and  some  7000  m  in 
steps  of  150  m. 

Some  of  the  height  profiles  of  the  scatter  parameter  S  are  plotted  in  Figures  3  and 
4.  Figure  3  shows  the  profiles  of  the  16  and  17  May  1966.  Here  the  S  values  are  higher 
at  noon  (120C  h)  than  in  the  morning  (0600  h).  Up  to  a  height  of  2  km  the  curve  of  S 
is  nearly  constant;  then  it  slopes  steeply.  Figure  4  indicates  the  average  value  for 
10  days  and  shows  the  magnitude  q  =  10  log  (Ae/e) 7  (l /l)  .  in  general,  the  profiles 
were  taken  on  clear,  cloudless  days  (clear  air  turbulence). 

It  is  evident  that  this  convenient,  comparatively  cheap  method  allows  the  spatio-temporal 
variability  to  be  continuously  observed  better  and  more  completely  than  is  possible  by 
means  of  radiosondes  and  refractometer  measurements. 

In  this  way  we  investigated  the  correlation  between  the  height  profile  characteristics 
and  the  respective  atmospheric  conditions,  the  diurnal  variation  of  the  height  profiles, 
the  appearance  and  disappearance  of  layers,  the  stability  in  time  of  these  layers,  and 
the  diurnal  and  seasonal  variations.  It  would  take  too  long  to  discuss  these  items  in 
detail. 


A  particularly  striking  phenomenon  was  studied  more  thoroughly.  It  is  the  occurrence 
of  echoes  known  as  “angels’’.  The  distribution  of  their  spatio-temporal  occurrence  was 
investigated,  and  it  was  found  that  in  many  cases  the  radiation  from  the  “angels’’  can  be 
considered  as  isotropic  (simultaneous  reception  at  two  receiving  points  separated  up  to 
2  km).  Figure  5  shows  the  A-scope  of  a  typical  angel;  Figure  6  indicates  the  amplitude¬ 
time  response  of  some  angels  separated  from  the  other  echoes  by  means  of  a  gate  circuit. 

In  order  to  obtain  the  space  auto-correlation  function  for  the  scatter  field,  even  with 
vertical  incidence,  two  or  three  receiving  antennae  set  up  side  by  side  are  now  used 
simultaneously.  The  space  auto-correlation  function  thus  determined  allows  one  to  draw 
conclusions  about  the  angular  aperture  of  the  cone  of  scattered  rays  and  the  structure 
(blob  size)  of  the  scattering  medium. 

In  1950  Briggs,  et  al3  indicated  how  it  is  possible  to  derive  the  characteristic 
velocities  which  determine  the  fluctuation  of  the  receiving  fields  from  the  time  auto¬ 
correlation  function  and  the  time  cross-correlation  function  of  the  voltages  of  two 
adjacent  antennae.  An  example  of  a  record  of  the  auto-correlation  function  and  cross¬ 
correlation  function  of  two  antennae  set  up  at  a  distance  d  is  given  in  Figure  7. 

Some  marked  points  of  this  graph  (e.g. ,  the  maximum  of  the  cross-correlation  function,  the 
displacement  of  this  maximum  with  respect  to  the  maximum  of  the  auto-correlation  function, 
the  intersection  point  of  the  two  correlation  functions,  etc.)  allow,  inter  alia,  the 
determination  of  the  “drift  velocity"  v  at  which  the  receiving  field  mountain  seems  to 
drift  over  the  reception  point.  Another  velocity  that  can  be  determined  is  the  “character¬ 
istic  velocity’’  vc  which  would  be  recorded  as  residual  velocity  by  an  observer  moved 
with  the  field  strength  pattern  at  the  drift  velocity  v  .  It  is  the  mean  square  velocity 
of  the  statistical  disordered  movement  superimposed  on  the  ordered  drift  movement.  It  is 
obvious  that  these  velocities  will  be  closely  related  to  the  meteorological  characteristics 
causing  the  field  fluctuations.  The  experiment  showed  that  the  drift  velocity  of  the 
receiving  field  is  almost  equal  to  double  the  velocity  of  the  wind  transverse  to  the 
direction  of  propagation.  (Correlation  between  r  =  0.8  -  0. 95. )  The  "characteristic 
velocity’’  vc  determines  the  fading  frequency  of  the  received  scatter  radiation. 

It  is  easy  to  understand  that  the  fading  frequency  caused  by  movements  in  the  multi- 
path  system  must  be  approximately  proportional  to  the  expression 


fg[Hz] 


2  sin  (0/2) 
300 


f  [MHz]v[ms_1] 


(13) 
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i.e.,  proportional  to  the  vertical  component  v  of  the  velocity  of  the  scattering  or 
reflecting  object  and  the  sine  of  the  scatter  angle  8/2  .  Hence,  the  fading  frequency 
derived  from  the  auto-correlation  function  in  the  case  of  vertical  incidence  must  be 
l/{sin  (0/2)}  times  the  fading  frequency  occurring  in  the  case  of  oblique  angle  propaga¬ 
tion.  This  fact  was  substantiated  by  a  comparison  of  the  fading  frequencies  on  the  Hamburg  - 
Darmstadt  path  (418  km)  and  of  the  vertical  radar. 

Finally,  the  space  auto-correlation  function  length  L  can  be  used  to  determine  another 
technically  interesting  parameter,  the  transmissible  bandwidth.  We  have  seen  that  the 
correlation  length  L  determines  the  angular  aperture  0  of  the  cone  of  rays  incident 
at  the  point  of  reception.  The  aperture  #  again  determines  the  size  of  the  common  volume, 
and  consequently  the  greatest  possible  propagation  difference,  in  a  simple,  purely  geometri¬ 
cal  manner.  Thus,  the  transmissible  bandwidth  is  already  fixed.  For  Af/L  we  find  the 
relation 

Af  2  L 


where  d  is  distance  and  8  is  scatter  angle. 

It  has  been  shown  in  how  many  ways  the  auto-correlation  and  cross-correlation  functions  can 
be  used  to  solve  a  number  of  technical  problems  without  further  hypotheses,  by  measurements 
in  the  receiving  field.  It  is  clear  that  it  is  not  possible  to  cover  all  relevant  problems 
in  this  brief  survey. 
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TABLE  I 

Horizontal  correlation  length  L_  and  vertical  correlation  length  L_  . 

J  2 

Hochblauen-Darmstadt 


1 

10 

50 

90 

99 

Ijy/m 

13.4 

10.4 

4.0 

2.6 

2.2 

Ham  bur  g-Da  rms  t  ad t 


1 

10 

50 

90 

99 

Ly 

18.8 

13.  1 

8.  1 

4.8 

- 

Lz 

14.  5 

11.0 

CO 

4.7 

3.3 

TABLE  II 


Gain  loss  on  the  418  km  path  Hamburg-Darmstadt  (K  0.175  m) 

Diameter  of  the  Hamburg  transmitting  antenna:  9  m 

Diameter  of  the  Darmstadt  receiving  antennae:  9  m.  5  m  and  2  m  . 


Combination  9/9  working  to  .9/2 

9.6 

6.5 

5.2 

dB 

Percentage  of 
time  exceeded 

10.0 

50.0 

90.0 

Combination  9/9  working  to  9/5 

5.7 

4.  2 

2.9 

dB 

Percentage  of 
time  exceeded 

10.0 

50.0 

90.0 

Intensity 
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SUMMARY 


The  scattering  of  a  plane  monochromatic  electromagnetic  wave  incident  on 
an  air  current  is  studied  by  considering  a  jet  stream  in  a  homogeneous 
dielectric  fluid  to  be  its  idealized  model.  Starting  with  a  differential 
equation  for  the  reflection  coefficient  a  solution  is  obtained  for  a  parabolic 
velocity  transition.  The  results  show  that,  to  a  first  order  in  , 
reflections  can  only  take  place  at  forward  scattering,  large  angles  of 
incidence  and  transitions  which  are  of  the  order  of  a  wavelength.  Reflections 
at  normal  incidence,  i.e.  backscatter,  is  of  one  order  of  magnitude  in  (i 
below  those  of  oblique  incidence.  For  wind  shears  of  0.  1  sec*1  measured 
over  a  distance  of  100  m,  an  angle  of  incidence  of  85°  and  a  frequency  of 
50  MHz,  the  reflection  coefficient  is  of  the  order  of  R  =  10* 10  . 


NOTATION 


v/c  ,  where  v  is  the  velocity  of  the  medium 

vDiax/c  ,  where  vBBX  is  maximum  velocity  of  parabolic  velocity  profile 
the  velocity  of  light,  =  108  m/sec 

thickness  of  parabolic  transition 

angular  frequency  of  incident,  transmitted,  and  reflected  wave 
velocity  vector  of  moving  medium 

unit  vector  in  x  direction 

magnitude  of  the  velocity  vector 

magnitude  of  incident  electric  field 

y  component  of  incident  electric  field 

x  and  z  components  of  incident  magnetic  field 

angle  between  k?  and  v  in  Laboratory  frame 

angle  of  refraction  in  Laboratory  frame 

propagation  vector  in  incident  wave 

magnitude  of  propagation  constant  of  incident  wave 

x  component  of  propagation  constant  of  incident  wave 

z  component  of  propagation  constant  of  incident  wave 

magnitude  of  propagation  constant  of  refracted  wave  in  right  half  space 
with  respect  at  Laboratory  frame 

magnitude  of  propagation  constant  of  refracted  wave  in  right  half  space 
with  respect  to  its  rest  frame 

x,z  component  of  propagation  constant  of  refracted  wave  in  right  half 
plane  with  respect  at  Laboratory  frame 

index  of  refraction 

apparent  index  of  refraction  of  the  moving  right  half  space  with  respect 
to  the  Laboratory  frame 

reflection  coefficient  for  oblique  incidence 
reflection  coefficient  for  normal  incidence 
first  order  in  y3  reflection  coefficient,  R  -  R0/3Q 
wave  impedance  of  dielectric 
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ELECTROMAGNETIC  SCATTERING  FROM  AIR  CURRENTS 
H.N.Kritikos 


1.  INTRODUCTION 

The  study  of  electromagnetic  propagation  in  moving  dielectrics  has  led  to  a  number  of 
contributions  of  both  theoretical  and  applied  interest.  The  theoretical  contributions 
have  provided  largely  to  the  understanding  of  the  basic  nature  of  electromagnetic  phenomena. 
The  applied  results,  on  the  other  hand,  have  uncovered  and  pointed  out  new  mechanisms 
responsible  for  the  scattering  of  electromagnetic  waves  i^  moving  dielectric  streams.  A 
result  of  these  investigations  has  been  the  realization  that  a  jet  stream  in  a  homogeneous 
idealized  fluid  with  the  same  index  of  refraction  in  its  rest  frame  scatters  electromagnetic 
waves1.  In  this  paper  an  extension  to  the  theory  of  scattering  from  jet  streams  is  made. 

The  magnitude  of  the  reflection  coefficient  from  highly  idealized  models  of  air  currents 
is  determined  and  the  optimum  manner  for  possible  observation  of  such  scattering  is 
discussed. 


2.  REFLECTION  FROM  A  STEP  DISCONTINUITY 
IN  VELOCITY 

Consider  the  idealized  case  of  a  dielectric  fluid  in  laminar  flow,  which  is  characterized 
by  an  index  of  refraction  n  in  its  proper  frame.  A  step  discontinuity  in  velocity 
exists  such  that  with  respect  to  the  left  half  space  the  right  half  is  moving  uniformly 
along  its  boundary  with  a  velocity  v  =  e^v  (see  Figure  1).  A  plane  wave  with  a  wave 
vector  kj  is  incident  from  the  left  to  the  interface.  The  components  of  the  field 
vectors  are 

ik.-x  f  ik .  z  -ik._z  1 

Ey  =  E0e  lx  j_e  +  Re  lz  J  (1) 

/E  \  ik.  X  T  lkl7Z  ‘ikl7Zl 

Hx  =  -  I -^J  cos  Pe  lx  Le  -  Re  lz  J  (2) 

/  E  \  Hi,.*  r  ik.  z  .  -ik,  z  "I 

Hz  3  I  y)  sin6?  e  Le  Re  lz  J  ,  (3) 

where  Z  =  is  the  impedance  of  the  dielectric. 

Although  the  reflection  coefficient  has  been  calculated  previously1,  for  the  sake  of 
clarity  a  simplified  version  will  be  given  here. 

With  respect  to  a  laboratory  frame  fixed  to  the  medium  in  the  left  half  space  the 
apparent  index  of  refraction  n'  of  the  right-hand  half  space  to  a  first  order  in  fi  is 

n'  =  n  -  (nz  -  1)  /S  cos  p'  .  (4) 

fi  =  v/c  ,  v  =  velocity  of  the  medium,  c  =  speed  of  light  in  vacuum.  6'  is  the  angle 
between  the  velocity  vector  v  and  the  propagation  vector  k'  . 
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3.  THE  PARABOLIC  VELOCITY  PROFILE 

Since  in  a  number  of  applications  the  velocity  change  takes  place  gradually,  it  is 
instructive  to  construct  models  of  such  transitions  and  study  their  scattering  properties. 
One  such  model  is  a  jet  stream  with  a  parabolic  velocity  profile  (see  Figure  2).  A 
convenient  method  of  finding  the  reflections  of  such  a  profile  is  to  derive  a  differential 
equation  for  the  reflection  coefficient  R  by  using  the  principle  of  invariant  imbedding. 
It  has  been  shown  previously1  that  the  differential  equation  is  of  the  Ricatti  type  and  is 
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dR  dk_  1  dk  1  . 

—  =  — 2 - 2ik  R - 2.  _  R2  _  (15) 

dz  dz  2kz  z  dz  2kz 

where  kz  given  by  equation  for  a  parabolic  velocity  profile  of  the  form 

p  -  0°  ['- (f -')']■  (16) 

The  solution  to  a  first  order  in  /3Q  ,  and  for  (n2  -  1/n)  (i  tan  0  sec  0  «  1  , 

R  =  R/0  +  R/2  +  ...  .  (17) 


is 


where 


i  ( 1  —  n  )  sin  0 
nkzd  cos20 


2z  1 

d  ik  d 


- 2ik_z 
+  Ce  z 


(18) 


where  C  is  a  integration  constant  determined  by  the  boundary  conditions.  Two  cases  of 
conditions  are  recognized:  A  complete  jet  stream  of  thickness  d  .  A  transition  section 
of  thickness  d/2  leading  to  a  half  infinite  space  moving  uniformly  with  a  velocity  v  . 
(see  Figure  2). 


The  solution  for  the  parabolic  jet  stream  with 
elsewhere1. 


For  the  parabolic  transition  with  the  boundary 


Or  -  1)  „  1 

R  =  /3n -  tan  0  sec  B  — 

0  n  kzd 


boundary  condition  has  been  given 

condition  R  (z  =  d/2)  =  0  one  has 
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A  discussion  and  an  evaluation  of  the  above  expression  appears  in  the  next  section. 


4.  SCATTERING  FROM  AIR  CURRENTS 

The  results  of  the  previous  sections  can  be  applied  to  a  highly  idealized  model  of  air 
currents  which  exist  in  the  upper  atmosphere.  One  such  air  current  is  the  jet  stream 
which  in  the  northern  hemisphere  runs  approximately  from  west  to  east  at  an  altitude  of 
10  km.  The  maximum  reported  velocity  is  in  the  vicinity  of  lOOm/sec.  The  thickness  of 
the  jet  stream  is  a  difficult  parameter  to  determine  because  of  its  irregular  nature. 
Estimates,  however,  place  it  in  the  order  of  magnitude  of  5  km.  Since,  even  for  HF,  it 
is  too  large  to  act  as  a  resonant  scatterer,  one  is  led  into  an  examination  of  the  fine 
structure  of  wind  profile.  Data  for  the  fine  structure  of  the  wind  distribution  are 
given  in  terms  of  the  wind  shear2.  Estimates  for  the  wind  shear  at  an  altitude  of  10  km 
measured  over  intervals  of  100  m  are  of  the  order  of  0.  1  sec'1,  i.e. ,  over  a  distance  of 
100  m  a  change  of  wind  velocity  of  10  m/sec  takes  place.  If  one  makes  the  idealized 
assumption  that  the  transition  region  can  be  modeled  by  a  parabolic  profile,  the  results 
of  the  previous  section  can  be  applied  here.  For  an  index  of  refraction  n  =  1.00015, 
typical  of  an  altitude  of  10  km  and  a  velocity  change  of  v  =  10  m/sec  (/?0  =  10~ 7 ) ,  the 
reflection  coefficient  has  been  calculated  for  a  range  of  thickness  (see  Figure  3),  The 
results  show  that  significant  reflections  occur  only  for  large  angles  of  incidence  and 
transition  regions  of  the  order  of  a  few  wave  lengths.  As  an  example  consider  a  forward 
scatter  experiment  of  a  50  MHz  signal  from  a  transition  region  of  100  m  thickness, 

(d/2  =  100  m,  kd  =  210)  at  an  altitude  of  10  km  and  angle  of  incidence  of  85°  with  a 
transmitter  receiver  separation  of  230  km.  From  Figure  3,  the  reflection  coefficient  is 
found  to  be  R  =  1.  1  x  10" 10. 
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5.  CONCLUSIONS 

The  results  derived  from  the  idealized  models  of  air  currents  show  that,  to  a  first 
order  in  /3  ,  reflections  can  only  take  place  at  forward  scattering  with  large  angle  of 
incidence,  85°  <  8  <  90°  ,  and  wavelengths  which  are  of  the  order  of  magnitude  of  the 
width  of  the  velocity  transitions.  In  addition,  it  is  required  that  the  incident 
propagation  vector  is  parallel  or  antiparallel  to  the  velocity  vector  of  the  air  current. 
For  the  jet  stream  at  a  height  of  10  km,  having  wind  shears  of  0. 1  sec'1,  an  angle  of 
incidence  of  Q  -  85°  and  a  frequency  f  =  50  MHz  ,  the  estimated  reflection  coefficient 
is  of  the  order  10'10.  It  is  expected  that  in  practice  many  other  factors  such  as 
inhomogeneities  and  turbulence  will  alter  the  above  idealized  predictions.  These  effects 
are  difficult  to  estimate  because  of  their  complexity  and  lack  of  data  pertaining  to  this 
altitude.  It  should  be  pointed  out,  however,  that  since  the  jet  stream  in  the  northern 
hemisphere  runs  from  west  to  east,  with  a  width  of  several  hundred  miles,  it  should  scatter 
electromagnetic  energy  coherently. 

From  the  results  of  this  paper  it  appears  that  at  present  the  optimum  arrangement  for 
detecting  such  reflections  rests  with  forward  scattering  of  high  power  HF  radar  pulses. 
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SUMMARY 


A  forward  scatter  experiment  is  carried  out  to  study  tropospheric  struc¬ 
ture  with  high  resolution  antennas.  Synchronous,  computer  controlled  beam 
swinging  techniques  render  two-dimensional  cuts  of  the  troposphere  covering 
up  to  2000  km2  in  a  10  minute  raster  scan.  High  stability  CW  signals  are 
used  for  Doppler  and  spectral  studies  within  the  5  km3  troposcatter 
volume. 
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TROPOSPHERIC  SCATTER  PROPAGATION  AT  16  GHZ  OVER  A  500  KM  PATH 
Uve  H.W.  Lammers,  Edward  E.  Altshuler  and  John  W.  B.  Day 


1.  INTRODUCTION 

Forward  scattering  techniques  have  been  widely  used  in  the  past  for  communication 
and  to  some  extent  for  the  exploration  of  structural  properties  of  the  troposphere. 

Due  to  the  commercial  interest,  however,  communication  links  seem  to  have  reached  a 
higher  level  of  perfection  than  radiometeorological  forward  scatter  systems.  Data  from 
troposcatter  paths  designed  for  communication  purposes  were  quite  often  used  for 
tropospheric  studies,  and  those  scatter  experiments  especially  planned  to  investigate 
the  troposphere  were  limited  in  their  capabilities,  e.  g.  sensitivity  or  spatial 
resolution.  Nevertheless,  it  has  been  pointed  out  that  forward  scatter  systems  or 
bistatic  radars  might  have  a  great  future  in  determining  meteorological  parameters  of 
general  interest  such  as  clear  air  turbulence  (CAT)  or  similar  phenomena1. 

The  purpose  of  the  troposcatter  experiment  to  be  described  in  this  paper  is  to  obtain 
direct  information  on  the  composition  of  the  troposphere  by  using  a  very  small  scattering 
volume  which  can  be  rapidly  scanned  in  arbitrary  directions.  Depending  on  the  scan  mode, 
one-  or  two-dimensional  cuts  through  the  troposphere  are  possible.  Because  of  the  time  alone 
which  is  necessary  to  perform  a  three-dimensional  scan,  the  complete  picture  that  can  be 
obtained  from  moving  tropospheric  structures  is  of  limited  value.  The  transmitted  CW  signal 
has  a  very  narrow  bandwidth;  therefore  spectra  received  from  particular  portions  of  the 
troposphere  can  be  analyzed  for  frequency  spread  and  Doppler  shift,  i.e.  turbulence  and  wind- 
speed. 


2.  THE  TROPOSCATTER  EQUIPMENT 

The  trans-horizon  path  between  Prospect  Hill  Radio  Observatory,  Waltham,  Massachusetts, 
and  Shirley  Bay,  Ottawa,  Ontario,  has  a  length  of  500  km.  It  is  believed  that  15.7  GHz  is 
the  highest  frequency  at  which  a  troposcatter  propagation  experiment  has  ever  been  conducted. 
The  AFCRL  29  ft  (8.85  m)  MM-Wave  Antenna  is  located  on  top  of  Prospect  Hill  at  an  elevation 
of  160  m  and  the  precision  30  ft  (9. 15  m)  DRTE  Antenna  is  at  a  site  81  m  above  sea  level. 

The  antennas  are  horizontally  polarized  and  have  similar  electrical  characteristics  with  free 
space  beamwidths  of  approximately  0. 14°,  60  dB  gain,  and  sidelobe  levels  below  19  dB.  At  the 
minimum  elevation  angles  of  0.12°  and  0.50°,  respectively,  the  above  beamwidths  lead  to  a 
common  volume  approximately  0.7  km  in  height  and  width  and  10  km  in  effective  length. 

Since  the  system  is  designed  for  conducting  Doppler  and  spectral  studies  of  the  scattered 
signals,  both  transmitter  and  receiver  local  oscillators  are  high  stability  low  frequency 
crystal  types.  Frequency  multiplication  and  phase-locking  techniques  are  used  to  generate 
appropriate  microwave  signals  of  high  spectral  purity  (3  dB  width  better  than  15  Hz). 

Figure  1  shows  a  block  diagram  of  the  transmitter.  A  Varian  VA-882  Klystron  with  60  dB 
gain  and  26  MHz  bandwidth  in  the  efficiency  mode  tuning  is  used  in  the  final  stage.  The 
receiver  block  diagram  presented  in  Figure  2  shows  a  standard  phase-lock  version  with  a 
balanced  crystal  mixer  input.  Two  intermediate  frequencies  are  employed  (60  MHz  and  10  MHz), 
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the  latter  one  with  a  minimum  filter  width  of  3  kHz.  Hie  lowest  phase-lock  loop  bandwidth 
is  about  125  Hz,  yielding  a  -140  dBm  sensitivity  of  the  receiver.  An  automatic  eain 
control  loop  (AGC),  which  utilizes  a  synchronous  detector,  is  used  to  provide  a  monitor  of 
received  signal  level.  The  AGC  voltage  is  digitized  by  an  analog/digital  converter.  The 
output  is  sampled  in  real  time  by  a  digital  computer  and  recorded,  with  time  and  antenna 
position,  on  magnetic  tape.  A  sampling  rate  of  up  to  100  per  second  can  be  used;  the 
standard  rate,  however,  is  10  per  second. 


3.  PATH  PARAMETERS  AND  SCAN  PROCEDURES 

Hie  map  (Fig. 3)  indicates  the  approximate  location  of  the  trans-horizon  path.  BED-Bed- 
ford  and  OW-Ottawa  are  within  a  few  kilometers  from  the  actual  transmitter  and  receiver  sites. 
Radio  soundings  of  the  troposphere  are  taken  at  0000  hours  and  1200  hours  Greenwich  time  at 
Maniwaki,  Ottawa,  Albany,  and  Nantucket.  Additional  weather  information  is  obtained  from 
other  stations  along  or  near  the  path,  as  indicated  on  the  map. 

The  profile  in  Figure  4  shows  significant  elevations  along  the  path.  Hie  horizon 
elevation  angles  of  the  transmitting  antenna  (horizon  distance  approximately  70  km)  and  of 
the  receiving  antenna  (horizon  distance  approximately  4  km)  lead  to  a  minimum  height  of  5  km 
above  ground  for  the  common  scatter  volume.  A  maximum  height  of  15  km  has  been  used  for  all 
scans  as  a  compromise  between  limited  speed  and  acceleration  of  the  antennas  and  the  objec¬ 
tive  to  obtain  an  instantaneous  picture  of  the  troposphere.  Some  of  the  scan  procedures  are 
depicted  in  this  graph,  the  most  significant  ones  being  the  wide  and  narrow  raster  scans 
along  the  great  circle  path. 

The  common  volume  is  scanned  up  and  down  20  times  in  a  square  wave  fashion,  covering  a 
portion  of  ±100  km  (C-D)  or  ±50  km  (B-E),  respectively,  from  midpath.  Vertical  soundings 
(A-F)  have  been  taken  at  the  minimum  scatter  angle  position  (225  km  from  Ottawa)  and  hori¬ 
zontal  scans  were  obtained  perpendicular  to  the  path  at  various  heights  within  A-F.  Other 
scan  modes,  such  as  horizontal  scans  along  the  path  or  constant  scatter  angle  scans,  produced 
less  obvious  results  and  are  omitted  from  this  presentation.  For  all  these  scans  the  an¬ 
tennas  were  pre-programmed  by  computer  and  synchronism  within  100  msec  was  ma  ntained;  this 
is  equivalent  to  1/5  beamwidth  deviation  with  the  highest  antenna  speed  used.  The  actual  up 
or  down  scan  was  done  by  moving  the  antennas  in  either  one-  or  two-step  linear  approximation, 
depending  on  the  type  of  program.  A  standard  4/3  earth  radius  correction  was  applied  for 
scans  along  the  great  circle  path,  whereas  no  correction  to  the  real  earth  curvature  seemed 
to  be  a  reasonable  approximation  perpendicular  to  the  path. 


4.  TROPOSCATTER  RESULTS 


Signals  were  received  at  almost  all  times  during  the  tests,  except  for  short 
real  deep  fading  occurred.  This  was  due  to  poor  scattering  from  the  troposphere 
cancellation  of  partial  signals  as  well  as  to  attenuation  through  precipitation, 
reached  a  level  50  dB  above  the  receiver  noise. 


periods  when 
and  possibly 
Peak  signals 


Only  a  small  number  of  the  recordings  are  presented  here.  Figure  5  displays  four  narrow 
raster  scans  along  the  path  indicating  the  height  of  the  reflection,  as  calculated  from  the 
antenna  elevation  angles  versus  the  distance  from  the  receiver  site.  Every  5  km  division  on 
the  abscissa  represents  the  position  of  an  upsweep  or  downsweep  of  the  scatter  volume;  the 
signal  amplitude  is  plotted  horizontally  with  a  scale  of  7.5  dB  per  smallest  division.  The 
zero  signal  level  always  coincides  with  the  vertical  line  that  starts  from  the  distance  mark 
on  the  abscissa.  To  give  this  kind  of  presentation  a  quasi-third-dimension,  the  areas  under¬ 
neath  the  signal  envelopes  were  filled  in  black.  At  least  to  some  degree,  the  black-to-white 
ratios  of  particular  portions  of  the  plot  thus  indicate  the  reflectivity  of  the  respective 
volumes  of  the  troposphere.  Due  to  the  scale  used,  the  black  areas  sometimes  overlap. 
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Thirty  seconds  are  required  for  one  upsweep  or  downsweep  of  the  common  volume.  As  a  result, 
it  takes  10  minutes  to  complete  one  raster  scan.  Figure  5  shows,  in  four  stages,  vanishing 
tropospheric  layers.  It  is  assumed  that  the  well  defined  layer  in  the  0620  and  0630  hour 
samples  (Greenwich  time)  is  the  tropopause.  The  radio  soundings  from  the  four  stations 
mentioned  earlier  show  the  tropopause  at  14  -  15  km  height.  The  upper  two  scans,  which  were 
taken  10  minutes  apart,  reproduce  remarkably  well.  Since  this  was  noticed  in  all  similar 
cases  it  is  believed  that  the  scan  time  per  picture  is  compatible  with  the  stationarity  of 
the  troposphere.  Only  two  layers  show  up  in  these  two  graphs  (four  have  been  observed  as  a 
maximum  so  far)  but  definitely  some  additional  structure  can  be  seen  in  the  broad  lower 
layer.  Like  a  wedge,  the  height  of  strong  reflectivity  rises  from  the  left  to  the  right  and 
finally  disappears.  The  scan  taken  at  0730  hours  shows  rather  marked  changes  with  respect  to 
the  first  two.  The  upper  layer  has  partly  disappeared  and  shows  an  inclination  towards  the 
Boston  side,  as  does  the  lower  layer.  The  region  producing  strongest  signals  has  moved 
further  to  the  Boston  side,  too.  At  0830  hours  the  layers  are  shown  merging  together. 

Looking  at  subsequent  up  and  down  lines  of  the  raster  one  can  see  that  the  changes  in  the 
signal  level  are  as  gradual  as  one  might  expect  from  the  changes  in  tropospheric  structure. 

Temperature  and  windspeed  recordings  from  the  0000  hours  radio  soundings  are  presented 
in  Figure  6.  As  stated  before,  they  yield  tropopause  heights  from  14  -  15  km. 

The  pictures  taken  on  24  June  at  about  the  same  time  (Figure  7)  indicate  a  different 
tropospheric  composition.  The  returns  are  marginal  towards  the  Boston  side  at  0420  hours 
and  more  or  less  spread  all  over  the  observed  height  range  towards  Ottawa.  One  hour  later 
the  reflectivity  becomes  higher  at  the  right  side  of  the  picture  and  a  layer  seems  to  form 
at  a  height  varying  from  12.5  -  10.5  km.  This  composition  changes  again,  at  0620  hours, 
when  the  layer  in  the  preceding  scan  disappears.  Then  a  region  of  low  reflection,  like  a 
blob,  shows  up  in  the  midpath  position  at  13.5  km  along  with  a  short  layer  at  the  same 
height  on  the  Boston  side.  Finally,  at  0720  hours  a  single  broad  V-shaped  structure  forms 
with  hardly  any  enhanced  regions,  as  far  as  signal  amplitude  is  concerned. 

Wide  raster  scans  render  similar  results  to  the  narrow  ones.  The  two  samples  in  Figure 
8  are  taken  on  24  and  27  June.  A  raster  twice  as  wide,  but  with  the  same  number  of  up  and 
down  scans  along  the  path,  covers  an  area  200  km  long  and  10  km  high. 

A  different  type  of  display  is  used  for  the  samples  of  vertical  and  horizontal  soundings 
in  Figure  9,  which  were  taken  at  2110  and  2120  hours  on  25  June.  The  horizontal  axis  is  a 
time  axis  with  the  30-sec  markers  indicating  the  start  of  a  vertical  up  or  down  sweep  at  a 
fixed  position  (225  km  from  Ottawa)  in  the  2110  hours  scan.  Obviously,  the  tropjspheric 
composition  did  not  change  very  much  during  this  10-minute  interval.  A  strong  signal  from 
6.5  km  occurs  in  every  sweep,  as  well  as  a  range  of  very  weak  returns  between  11  and  14  km. 
The  signal  level  from  about  14.5  km  is  somewhat  stronger.  One  might  be  tempted  to  interpret 
this  kind  of  display  as  a  two-dimensional  one,  with  layering  etc.  like  the  ones  shown  before. 
However,  this  is  only  possible  to  such  an  extent  as  one  can  assume  a  constant  velocity,  uni¬ 
directional  motion  of  the  troposphere.  From  the  wind  profiles,  one  must  conclude  that  in 
general  this  is  not  the  case.  As  in  the  2120  hours  horizontal  scan  which  was  taken  at  the 
same  position  along  the  path  and  at  a  height  of  6  km,  only  the  variation  of  particular 
profiles  with  time  can  be  observed.  On  the  vertical  axis  the  distance  off  the  great  circle 
has  been  chosen  with  10  km  equivalent  to  slightly  more  than  2.3°  in  antenna  azimuth  angle 
change.  No  explanation  other  than  a  foreground  obstruction  at  the  receiver  site  has  been 
found  for  the  deep  null  at  about  -  5  km  which  shows  up  in  all  horizontal  scans.  However, 
some  lobing  with  no  relation  to  the  angular  position  of  the  antenna  sidelobes  seems  to  be 
present  over  the  whole  width  of  the  scan.  Optimum  measured  azimuth  angle,  as  indicated  by 
zero  km  distance,  and  calculated  azimuth  direction  coincide  within  a  tenth  of  a  degree. 

Again,  the  horizontal  scans  are  rather  consistent  over  the  10-minute  interval. 

A  series  of  vertical  soundings  on  the  great  circle  path,  225  km  from  Ottawa,  are  given 
in  Figure  10.  Strong  reflections  from  5  -  11  km  at  0500  hours  and  a  weaker  one  around  12.5 
km  move  upward  in  the  following  scans.  The  quite  well  defined  12.5  km  reflection  spreads 
out  and  combines  with  the  lower  region.  Both  upper  and  lower  boundaries  of  the  reflections 
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are  diffuse  at  0630  hours  but  at  0800  hours,  when  the  lower  boundary  now  is  at  6.5  km,  the 
height  range  of  signals  has  contracted  and  looks  well  defined  again. 

The  spectrum  of  the  calibrator  multiplied  by  the  receiver  first  local  oscillator  spectrum 
(Pig.  11(a))  is  obviously  narrower  than  the  15  Hz  filter  of  the  spectrum  analyzer  can  resolve, 
since  it  has  a  3  dB  width  of  approximately  15  Hz.  Spectral  measurements  of  the  actual  trans¬ 
mitter  signal  yield  a  similar  curve.  Two  samples  of  a  wide  variety  of  troposcatter  spectra 
obtained  so  far  are  given  in  Figure  11(b).  These  spectra  were  recorded  with  about  a  2- 
minute  separation,  using  the  same  filter  width  as  before  and  the  same  sweep  of  500  Hz/min. 

The  antennas  were  pointing  towards  the  minimum  scatter  angle  position  along  the  path.  Both 
spectra  (1  and  2)  consist  of  a  sharp  first  peak  and  a  broader  second  peak  4  to  5  dB  lower. 

The  frequency  range  of  low  power  density  in  between  differs  roughly  by  10  dB,  however.  One 
might  interpret  these  spectra  as  the  result  of  scattering  from  a  highly  reflective  region  of 
constant  velocity  and  another  region  somewhat  more  turbulent  and  of  a  velocity  different  from 
the  first  one. 


5.  FUTURE  IMPROVEMENTS 

Only  a  few  characteristic  results  could  be  presented  here,  due  to  limited  space  as  well 
as  due  to  the  fact  that  the  experiment  itself  is  still  in  a  developmental  stage.  Experience 
has  to  be  obtained  how  to  use  this  forward  scatter  system  effectively.  Other  scan  modes 
will  be  implemented  in  the  near  future,  such  as  horizontal  raster  scans  and  high  raster 
scans  (up  to  25  km)  along  the  path.  The  system  sensitivity  will  be  improved  and  frequency 
diversity  will  be  used. 

No  doubt  exists  that  there  are  limitations  to  probing  the  troposphere  with  a  high  reso¬ 
lution  forward  scatter  system.  As  with  all  remote  microwave  sensing  techniques,  the  sensor 
itself  is  subject  to  tropospheric  influences.  It  is  believed,  however,  that  more  and  useful 
information  can  be  gathered  from  the  troposphere  than  was  hitherto  possible. 
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Fig.l  Transmitter  block  diagram 


Pig. 2  Receiver  block  diagram 
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Fig.  3  Map  with  path  parameters 


Fig.  5  Vanishing  tropospheric  layers.  (Tropopause  at  14km) 


Fig.  8  Samples  of  wide  raster  scans 


Fig.  9  Samples  of  vertical  and  horizontal  midpath  scans 
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Spectra  of  16  GHz  signals 
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SUMMARY 


In  conjunction  with  other  work  on  disturbing  effects  of  scatter  mechanism 
undertaken  by  the  Department  of  Telecommunications,  this  contribution 
presents  a  detailed  description  of  first  results  obtained  in  a  quasi-back- 
scatter  direction. 

The  first  part  of  the  paper  refers  to  the  effect  of  diffraction  paths 
between  transmitter  and  receiver  and  possibilities  of  accounting  for  these 
paths;  it  includes  the  comparison  between  values  calculated  theon  tically 
and  experimental  determinations  on  selected  paths  over  hilly  terrain.  The 
second  part  quotes  experimental  data  obtained  with  the  quasi -backscatter 
link  and  includes  a  detailed  discussion  on  measured  values  in  relation  to 
values  expected  theoretically.  Considerable  work  has  been  done  on  possible 
field-strength  fluctuations  caused  by  changing  meteorological  conditions  in 
the  relevant  scatter  volume.  Results  obtained  are  interpreted  in  relation 
to  data  originating  from  other  scatter  links  operated  by  the  Department. 
Future  plans  of  the  project  are  discussed. 


USING  THE  TROPOSPHERIC  VOLUME  OP  A  QUASI - BACKSCATTER 
LINK  TO  INVESTIGATE  THE  SCATTER  MECHANISM 

R.Menzel  and  Kh.Rosenbach 


1.  INTRODUCTION 

In  conjunction  with  other  work  on  disturbing  effects  of  scatter  mechanism  undertaken 
by  the  Department  of  Telecommunications,  it  was  intended  to  investigate  scattering  also 
with  respect  to  side-scattering  and  backscattering.  It  was  of  particular  interest  to 
evaluate  the  data  with  respect  to  a  change  in  the  scale  of  turbulence,  and  so  investigations 
were  made  on  a  communication  link  with  an  antenna  system  radiating  vertically. 

The  transmitter  of  this  link  is  situated  on  a  hill  in  the  Eifel,  as  shown  in  Figure  1, 
and  is  operated  on  a  frequency  of  approximately  140  MHz.  In  accordance  with  the  intention 
of  investigating  the  scatter  mechanism  using  the  side-scattering  and  backscattering  of 
this  special  link,  we  had  to  place  the  receiving  terminal  as  near  as  possible  to  the  trans¬ 
mitting  station  in  order  to  find  side-scattering,  or  even  backscattering.  For  this  reason 
the  receiving  system  was  set  up  at  a  point  where  the  power  received  over  the  diffraction 
path  from  side  lobes  of  the  transmitting  antenna  was  negligible  in  conparison  with  the 
scattered  power. 

In  this  connection  we  had  to  find  a  way  of  computing  for  diffraction  paths.  To  make  a 
comparison  between  values  calculated  theoretically  and  those  obtained  experimentally, 
results  were  obtained  on  the  diffraction  path  Hochkelberg  -  Werthhoven,  as  shown  in  Figure  1. 


2.  MULTIPLE  DIFFRACTION  OF  RADIO  WAVES  OVER 
ROUNDED  OBSTACLES 

Since  the  theory  of  diffraction  of  radio  waves  over  one  or  more  obstacles  has  already 
been  described  in  several  papers  l"5,  we  may  at  once  deal  with  the  calculation  of  our  diffrac¬ 
tion  paths.  In  Figures  2  and  3  you  see  both  diffraction  paths.  On  both  paths  thers  are  two 
intervening  hills,  which  we  treated  as  rounded  obstacles.  A  method  described  by  Deygourt1 
was  applied  to  the  computation  of  these  diffraction  paths  (Fig. 4).  The  diffraction  loss 
associated  with  the  main  hill  is  computed  first  as  if  this  hill  were  alone.  The  diffraction 
loss  associated  with  the  second  hill  is  then  calculated  by  considering  the  propagation  around 
the  main  hill-receiver  with  virtual  sources  above  the  main  obstacle.  Then  the  diffraction 
loss  below  free  space  loss  is  given  by 


The  single  diffraction  losses  were  computed  by  a  method  described  in  Reference  4.  The 
diffraction  loss  for  a  rounded  obstacle  and  irregular  terrain,  shown  in  Figure  5,  is 
defined  as 


ami  (V.P) 


a(V,  0)  +  a(0,p)  +  m(v,P)  , 


(2) 
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where  v  is  the  dimensionless  parameter  defined  by 

v  =  ±  2t/(Ar/\)  .  (3) 

and  p  is  a  dimensionless  index  of  curvature  for  the  crest  radius.  For  the  diffraction 
path  Hochkelberg  -  Staffel  the  following  values  were  computed: 

aml  =  42  dB 
“^2  =  30  d3  . 

Then  the  whole  diffraction  loss  below  free-space  loss  is 

=  (42  +  30)  dB  =  72  dB  . 

DB 

For  the  diffraction  path  Hochkelberg  -  Werthhoven  we  obtained 

=  (23  +  13)  dB  =  36  dB  . 

nw 

As  the  same  side  lobe  of  the  transmitting  antenna  pointed  towards  Staffel  and  Werthhoven 
we  had  e  good  comparison  between  the  power  received  at  Werthhoven  and  the  one  to  be  expected 
at  Staffel.  The  theoretically  calculated  values  agreed  fairly  well  with  those  obtained 
experimentally  at  Werthhoven.  Thus  we  could  be  certain  that  the  power  received  at  Staffel 
must  be  mainly  scattered  power.  A  typical  recording  of  the  diffraction  path  Hochkelberg  - 
Werthhoven  is  shown  in  Figure  6. 


3.  SCATTER  PROPAGATION  AT  ONE  LOCATION 


The  investigations  were  made,  as  already  mentioned,  with  a  side-scatter,  or  even  a 
backscatter,  link  and  the  path  geometry  is  shown  in  Figure  7.  The  scatter  angles  were 
between  75°  and  115°  and  the  antenna  beamwidths  were  40°  for  the  transmitting  antenna  and 
and  37°  for  the  receiving  antenna.  The  distance  between  transmitter  and  receiver  is  about 
24  km.  The  signal  received  is  predominantly  due  to  scattering  in  the  troposphere,  which 
can  be  seen  in  Figure  8  which  shows  some  typical  curves  of  the  power  received,  although  the 
exact  definition  of  the  appropriate  scatter  volume  is  difficult,  owing  to  the  mixed  diffrac¬ 
tion  and  scatter  paths  present.  The  effective  scatter  volume  is  considered  to  extend  from 
a  minimum  altitude  of  3.0  km  up  to  about  4  -  5  km,  for  the  purposes  of  calculation. 


The  power  P  ,  scattered  to  a  receiver  at  a  distance  D  from  the  transmitter,  and 
relative  to  the  free-space  power  PFa  ,  is 


P 


Pfs 


o~(g.X) 


dV  , 


(4) 


where  Rt  is  the  distance  from  transmitter  to  scattering  element,  Rr  is  the  distance 
from  scattering  element  to  receiver,  and  the  integration  is  over  the  tropospheric  scatter 
volume.  K  =  (1  +  |/o| 2) 2  is  introduced  to  account  for  the  reflection  coefficient  p  of 
the  ground.  From  theories  currently  available5"11  of  determining  the  power  scattered  by 
the  troposphere  we  decided  to  use  the  one  hy  Booker  and  Gordon6  which  gives,  for  the 
scattered  power, 


S^(27 rl/k) 5  sin2  X 
X[l  +  {(477l/\)  sin  d/2)2)2 


(5) 
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where  6  is  the  angle  between  the  direction  of  incidence  and  the  direction  of  scattering, 

S2  is  the  mean-square  deviation  of  the  dielectric  constant  of  the  atmosphere  from  the 
mean  value,  l  is  the  scale  of  turbulence,  X  is  the  angle  between  the  incident  field 
and  the  direction  of  the  line  to  the  receiver  and  is  approximately  90°  and  A.  is  the 
wavelength.  For  the  theoretical  calculation  of  our  scatter  link  we  have  used,  as  a 
representative  value  for  the  turbulence,  a  refraction  index  variation  of  §n  =  10' 5  with 
a  scale  length  l  -  4  m  and  K  =  1  .  The  scattered  power  below  the  free-space  value  is 
then  of  the  order  of  90  dB.  This  agreed  with  the  average  of  those  values  obtained 
experimental ly. 

Our  particular  receiving  terminal  has  been  operational  for  only  a  few  weeks.  First 
results  have  been  evaluated  on  the  basis  of  average  field  strength  over  periods  of  half 
a  day.  The  curve  so  obtained,  shown  in  Figure  9,  hes  been  compared  with  the  air  temperature 
determined  from  radiosonde  ascents  and  with  the  refractive  index  also  derived  from 
radiosonde  ascents.  Although  the  correlation  coefficient  with  respect  to  refractive  index 
variations  yielded  the  low  value  expected,  because  of  the  short  period  covered,  the 
correlation  with  regard  to  air  temperature  proved  to  be  much  more  promising.  The  coeffi¬ 
cients  are  0.25  for  refractive  index  and  0.79  for  air  temperature,  respectively.  A  similarly 
close  correlation  between  the  scattered  power  and  air  temperature  at  two  metres  altitude 
has  been  mentioned  in  work  by  Stratmann12.  However,  the  air  temperature  measured  at  two 
metres  cannot  be  regarded  as  representative  of  the  temperature  inside  the  volume. 

In  relation  to  a  comparison  of  the  results  obtained  with  those  of  another  scatter  link 
operated  by  the  Department  of  Telecommunications,  it  is  interesting  to  evaluate  the  data 
with  respect  to  a  change  in  the  turbulence  scale.  The  different  frequencies  permit 
reasonably  reliable  values  to  be  obtained.  In  a  first  analysis,  variations  in  field  strength 
occurring  simultaneously,  if  the  slightly  different  geographical  location  is  allowed  for, 
yield  two  values  of  changes  in  the  dimensions  of  turbulent  blobs  which  should  be  identical 
under  perfect  conditions.  A  number  of  such  single  cases  has  been  evaluated  and  good 
agreement  in  the  length  changes  has  been  found  to  exist  in  90%  of  them. 


4.  CONCLUSIONS 

Considering  that  this  vertical  scatter  system  was  constructed  to  supply  scatter  data  on 
a  frequency  yielding  l/k  ratios  which  permit  a  more  omni-directional  scatter  pattern, 
the  first  results  reported  in  this  paper  seem  to  prove  that  the  system  will  fulfil  its 
purpose.  In  addition,  a  number  of  possible  diffraction  paths  allows  interesting  studies  to 
be  made  of  the  variations  of  such  links  with  respect  to  changes  in  the  mixture  between 
diffraction  and  scatter  paths  and  due  to  variations  in  the  meteorological  conditions. 

Work  will  continue  and  further  results  will  be  the  subject  of  a  later  paper. 
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SUMMARY 


Interraodulation  distortion  caused  by  tropospheric  effects  can  be  calculated 
either  by  the  theory  of  Beach  and  Trecker,  assuming  one  weak  echo,  or  by  the 
multi-echo  theory  of  Sunde.  A  compromise  between  these  conflicting  theories 
seems  to  be  Bremmer’ s  “few  echoes”  theory  published  some  years  before  the 
two  papers  just  mentioned.  It  deals  with  the  distortion  of  FM  modulation 
waves  by  a  tropospheric  scatter  mechanism  of  the  Rooker-Gordon  type. 

The  present  paper  gives  a  generalisation  of  the  theory  including  autocorre¬ 
lation  functions  of  the  Norton  type.  The  scattered  field  of  modulated  waves 
can  be  described  with  the  help  of  a  six-fold  integral  including  the  stati¬ 
stical  parameters  of  the  dielectric  constant.  The  evaluation  of  this 
integral  leads  to  a  convenient  approximation: 

The  field  at  the  receiver  may  be  considered  as  being  made  up  of  a  small 
number  of  components  which  show  unequal  amplitudes  and  different  delays 
with  respect  to  the  component  arriving  first. 

A  physical  interpretation  of  this  mathematical  approximation  shows  a  main 
signal  followed  by  one  strong  and  several  weak  echoes.  This  point  of  view 
may  give  a  simple  explanation  of  a  negative  correlation  between  field 
strength  received  and  intermodulation,  which  cannot  be  explained  by  either 
the  one-weak-echo  theory  or  the  multi -echo  theory. 

The  frequency-multiplex  signal  is  represented  by  a  pre-emphased  band- 
limited  Gaussian  noise.  The  aim  of  this  paper  is  to  calculate  the  intermodu¬ 
lation  of  such  a  signal  caused  by  the  tropospheric  effects  described.  For 
this  purpose  Sunde’ s  formula  which  gives  the  second-order  distortion  of  pre- 
emphased  noise  in  a  closed  form  is  generalised  to  third-  and  fourth-order 
distortion. 
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NOTES  ON  THE  THEORY  OF  TROPOSCATTER  MODULATION  DISTORTION 

A. Waslljeff 


1.  INTRODUCTION 

Many  investigations  of  the  tropospheric  scatter  propagation  of  monochromatic  radio  waves 
have  been  reported.  Though  it  is  formally  possible  to  obtain  any  complicated  signal  by 
Fourier  analysis,  if  the  spectral  behaviour  of  the  system  is  known,  there  is  still  a  need 
for  special  investigation  of  signals  that  are  modulated  in  a  more  complicated  manner.  Only 
a  few  papers  deal  with  the  intermodulation  distortion  of  troposcatter  links  that  are  used 
for  multi-channel  telephony. 

In  the  present  paper  we  consider  troposcatter  systems  n  which  the  composite  signal  wave 
from  a  group  of  carrier  telephone  channels  in  frequency-division  multiplex  is  transmitted 
by  frequency  modulation. 

The  multiplex  system  can  be  represented  in  an  idealized  form.  For  a  sufficiently  large 
number  of  channels  the  signal  can  be  replaced  for  calculation  and  test  purposes  by  a  band 
of  pre-eraphased  Gaussian  noise.  Such  a  random  noise  signal  simulates  a  composite  speech 
signal. 

For  studies  of  interchannel-modulation  distortion,  the  input  energy  corresponding  to 
some  particular  speech  channel  is  removed.  The  received  output  of  the  originally  clear 
channel  represents  the  intermodulation  distortion. 

Some  years  ago  Beach  and  Trecker1  described  a  method  for  predicting  the  magnitude  of 
interchannel  modulation  in  frequency-modulated  troposcatter  systems.  They  stated  that  the 
geometry  of  a  tropospheric  scatter  path  suggests  a  multi-path  problem,  and  that  components 
of  the  signal  reflected  from  successively  higher  points  in  the  atmosphere  are  delayed 
behind  the  earliest  arriving  component. 

These  echoes  are  the  cause  of  the  distortion  occurring  in  the  FM  transmission  of 
frequency-division  multiplex,  which  adds  to  other  distortion  energy  generated  by  non- 
linearities  in  equipment.  To  facilitate  calculations  Beach  and  Trecker  adopted  the 
"one-weak-echo”  theory  of  Bennet,  Curtis  and  Rice2,  omitting  the  multi-path  transmission 
model. 

The  one-weak-echo  theory  was  originally  devised  to  estimate  the  interchannel  interference 
due  to  echoes  with  small  amplitudes  caused  by  mismatched  lines.  Extrapolating  these  results, 
Beach  and  Trecker  calculated  the  troposcatter  modulation  distortion  caused  by  a  single  so- 
called  “worst"  echo.  They  added  empirical  corrections  based  upon  comparison  of  calculated 
values  with  experimental  measurements.  A  further  approach  was  suggested  by  Sunde3.  He 
regarded  the  received  wave  as  a  multiplicity  of  sine  wave  components  arriving  over  many 
transmission  paths  with  varying  amplitudes  and  phases.  With  the  aid  of  methods  similar  to 
those  used  in  the  analysis  of  the  statistical  properties  of  random  noise,  Sunde  calculated 
the  probability  distribution  of  quadratic  phase  distortions  for  phase  non-linearity  of 
random  mult: -path  transmission.  On  this  premise  he  determined  the  intermodulation  distor¬ 
tion  in  FW  multiplex  troposcatter  systems. 
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The  multi -echo  theory  of  Sunde  yields  results  that  are  similar  to  those  obtained  by 
the  one-weak-echo  theory  of  Beach  and  Trecker  in  spite  of  the  difference  of  the  assumed 
physical  mechanisms.  A  compromise  between  these  contradicting  theories  seems  to  be 
Bremmer’s  "few-echoes  theory"  published  some  years  before  the  two  previous  papers  mentioned4. 
It  deals  with  the  distortion  of  frequency  modulated  waves  by  a  tropospheric  scatter 
mechanisir  of  the  Booker-Gordon  type5. 

The  present  paper  gives  a  generalisation  of  Bremmer’ s  theory,  including  autocorrelation 
furctions  of  the  Norton  type6. 


2.  GENERALISATION  OF  BREMMER* S  THEORY 

If  the  electromagnetic  field  of  the  transmitter  is  assumed  to  have  a  time  dependence 
f(t)  ,  the  field  which  reaches  the  receiver  after  having  been  scattered  by  any  tropospheric 
volume  element  will  have  the  time  dependence 

f[t  -  (Rt+  Rj)/c]  =  f[t  -t(P)]  ,  (1) 

where  Rj  .denotes  the  distance  from  the  transmitter  to  the  volume  element,  R?  the 
distance  from  the  volume  element  to  the  receiver,  and  the  argument  t  -  r  (P)  expresses 
the  delay  conditioned  by  the  path  from  the  transmitter  to  the  scattering  volume  element 
and  from  thete  to  the  receiver. 

Let  Ae  be  the  local  deviation  of  the  dielectric  constant,  dV  the  volume  element.  If 
we  exclude  the  contributions  due  to  successive  scatterings  by  more  than  one  volume  element, 
i.e.  restriction  to  single  scattering,  we  may  write  for  the  Hertz  field  at  the  receiving 
point 


n  =  - - —  JJJ  Ae(P)f[t -r(P)]  dV  ,  (2) 

4^€.0R1  R2 

where  the  integration  is  performed  over  the  scattering  volume.  The  corresponding  field 
of  the  electric  vector  may  be  obtained  by  existing  methods7.  For  the  following  study  of 
phase  distortion  and  intermodulation  it  is  sufficient  to  consider  formula  (2). 

The  mean  square  of  (2)  shows  the  dependence  of  the  scattered  field  on  the  spatial  auto¬ 
correlation  function  of  the  dielectric  constant. 

B(r)  =  <Ae(P)Ae  (P')  >  (3) 

(FI2)  =  constant  x  (JJJ  Ae(P)f[t -r(P)]  dV  JJJ  Ae  (P')f  [t  -r(P')]  dV>  (4) 

=  ( r )  f  Tt  -T(P')]  dV']-  fCt  — T(P)]  dV  . 

In  this  manner  the  scattered  field  of  modulated  waves  can  be  described  with  the  help  of  a 
six-fold  integral  including  the  statistical  parameters  of  the  dielectric  constant. 

The  integral  may  be  evaluated  with  the  aid  of  the  following  approximations: 

Because  of  the  large  distances  in  scatter  propagation  the  scattering  volume  proves 
to  be  concentrated  near  the  mid-plane  between  receiver  and  transmitter  and  the 
scattering  volume  dimensions  may  be  considered  as  small  compared  with  the  distances 
Rj  and  R2  . 


The  rapid  decrease  of  the  autocorrelation  function  allows  us  to  extend  the 
integration  limits  of  the  inner  integral  in  Equation  (4). 
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We  assume  the  scattering  spuce  to  be  isotropic  and  its  statistical  properties  to 
be  homogeneous  with  respect  to  time. 

Using  the  well-known  Fourier  relation  between  autocorrelation  function  and  spectral  density 


0(k)  -  - ijy/cos  (kr)B(r)  dV 

<2wr 

and  assuming  a  time  dependence  of  the  signal  in  the  form 

f(t)  =  cos  [0ct  +  t (t)]  , 


we  finally  get 


(5) 


(6) 


J 


constant  x 


JjJ  f*[t-r(P)]tf> 


dV 


(7) 


In  the  case  of  the  Booker-Gordon  correlation  we  get  from  Equation  (7)  the  results  given 
by  Bremmer  (formula  (16)  of  Reference  4).  Since  the  Norton  correlation  function6  has 
some  properties  which  describe  the  physical  situation  of  inhomogeneities  in  a  turbulent 
flow,  we  shall  use  it  in  the  calculations  presented  in  this  paper. 


Introducing  a  delay  time  function  analogous  to  that  defined  by  Bremmer,  we  can  write 
the  integral  (7)  as  a  convolution  product  of  this  function  and  the  time  function  f 2 (t )  , 


J 


constant  x 


x)f2(t-x)  dx 


where  the  distortion  function  is  given  by 


D(t) 


t-  T(P)]0 


dV 


(8) 


(9) 


and  S ( t )  denotes  the  Dirac  function. 

The  Fourier  transform  of  Equation  (8)  yields  the  product  of  the  corresponding  spectra 
of  f 2 ( t )  and  Equation  (9).  The  resulting  integral  can  be  evaluated  using  the  method 
of  stationary  phase  and  other  asymptotic  methods  similar  to  that  given  in  Reference  4. 

The  evaluation  leads  to  a  convenient  approximation.  The  field  at  the  receiver  may 
be  considered  as  being  made  up  of  a  small  number  of  components  which  show  unequal 
amplitudes  and  different  delays  with  respect  to  the  component  arriving  first. 

The  delay  times  depend  on  the  geometry  of  the  scattering  volume.  The  amplitudes 
determining  the  relative  weights  of  the  various  delayed  contributions  are  composed  of  a 
geometrical  factor  and  of  another  factor  which  depends  on  the  assumed  behaviour  of  the 
dielectric  constant.  Thus  we  have,  from  (7), 

J  =  constant  x  {rQ  cos  [2QC  (t  -  tQ)  +  2<f>(t,-t0)]  + 

+  rt  cos  [20c(t  -  tj)  +  2<p(t-t1)]  +  r2cos[20c(t-tz)  +  2cp(t-t2)]+ -  },  (10) 

where  0  denotes  the  carrier  frequency,  t,  the  various  delay  times,  r  the  echo 

C  1  J 

amplitudes,  and  cp(t )  the  phase  modulation  of  Equation  (6), 
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After  tedious  calculations,  similar  to  those  given  by  Bremmer4  we  finally  obtain,  for 
the  first  echoes, 


R ,  = 


-2  1  +  — 


!/»\i  /  n2 

^  1  i+-|i0’d2 

c 


2 

1  +  — 
0 


1  !’<#  +  *) 


/  n*  ,  2 
iHi  tf 


\n 


2  0 


n2  , 

1  +-§  I02  (0  +  2</0 


&  A 

t.  =  -  V-;  t  =  -  -  +  4>2)  . 


c  4 


c  2 


(11) 


(12) 


where  we  have  introduced  relative  echoes  Rj  =  rj/r0  and  difference  delay  times 
Tj  =  tf  -  tQ  ;  a  is  the  modified  earth  radius,  lQ  the  correlation  length  of  the 
dielectric  constant,  and  c  the  velocity  of  light.  In  the  case  of  Nortpn  correlation 
we  have  n  =  11/6  .  The  angles  0  and  i p  ,  which  are  determined  by  the  boundaries  of 
the  scattering  volume,  are  illustrated  in  Figure  1.  Since  the  influence  of  further  echoes 
is  only  noticeable  in  higher  order  corrections  we  may  neglect  them  in  a  first-order 
approximation. 

For  a  numerical  example  we  choose  &  =  0.041  radian,  </<  =  0.0235  radian,  lQ  -  1.5  m  , 
carrier  frequency  =  895  MHz  .  Thus  we  obtain 

Tj  =  0.22336  Msec,  T2  -  0. 70277  fxsec  , 

Rj  =  -0.3863,  R2  =  0.01302. 

The  distortion  by  scatter  propagation  transforms  the  frequency-modulated  signal  into 
various  contributions,  each  of  which  is  unriistorted  but  is  characterised  by  a  specific 
delay  time.  We  notice  that  the  first  calculated  echo  amplitude  is  not  small,  contrary  to 
the  assumption  of  Beach  and  Trecker;  on  the  other  hand,  there  is  a  rapid  decrease  of  terms 
in  the  expansion  in  question;  therefore  we  can  confine  ourselves  to  some  few  echoes, 
neglecting  terms  of  higher  order.  Thus  we  have  a  compromise  between  the  one-weak-echo 
theory  of  Beach  and  Trecker  and  the  multi-echo  theory  of  Sunde. 


3.  COMPUTATION  OF  DISTORTION 

The  final  computation  of  the  distortion  in  the  case  of  FW  is  based  on  the  assumption 
that  the  differences  of  the  delay  times  are  small  compared  with  the  reciprocal  central 
frequency  of  the  low-frequency  modulation  function,  i.e.,  the  relative  change  of  the  low 
frequency  modulation  function  is  small  over  the  difference-delay  intervals  in  question. 
However,  there  will  be  no  restriction  on  the  magnitude  of  the  amplitude  of  the  various 
echoes. 

The  distortion  proves  to  be  equivalent  to  that  due  to  the  passage  of  the  undistorted 
signal  through  a  network  with  a  non-linear  phase  characteristic. 


<£d(t)  = 


aQ  +  a:M(t)  +  a2Mz(t)  +  a3M3(t)  +  auMu(t)  +  .... 


(13) 


M(t)  denotes  the  low  frequency  modulation  function, 
frequency-modulation  distortion  by  differentiation: 


From  this  formula  we  get  the 
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d  d  ,  d  d 

M ,  (t)  =  a  -M(t)  +  a,-M2(t)  +  a,-M3(t)  +  au-M4(t)  +  ....  (14) 

3dt  2dt  3dt  4dt 

The  coefficients  an  have  been  calculated  from  (10)  with  the  aid  of  a  digital  computer. 

The  calculation  is  briefly  outlined  in  the  Appendix.  The  rather  complicated  coefficients 
contain  terms  with  harmonic  functions  of  the  large  variable  ;t  =  Oct0  ,  where  denotes 
the  carrier  frequency  and  t0  the  delay  time  caused  by  the  distance  from  transmitter  to 
the  central  point  of  scattering  volume  and  from  there  to  the  receiver.  We  can  replace 
this  large  variable  in  the  argument  of  the  sine  or  cosine  functions  in  question  by  a 
random  variable  distributed  uniformly  in  the  interval  0  ^  277  .  Averaging  over  many 

trials  we  finally  get  the  mean  values  of  the  coefficients  an  .  For  our  numerical  example 
we  obtain 

a2  -  3.906  x  10'28  sec4,  a2  =  3.744  *  10'41  sec6  .  a2  =  4.598  x  10'54  sec8  . 

On  the  premise  >f  formulae  (13)  and  (14),  intermodulation  noise  in  frequency  modulation 
transmission  can  be  evaluated.  As  already  mentioned,  the  frequency-division-multiplex 
signal,  generally  used  for  transmission  of  voice  channels,  can  be  represented  by  a  pre- 
emphased  band-limited  Gaussian  noise.  Sunde3  investigates  a  non-linear  tropospheric  phase 
characteristic,  developed  on  other  premises,  neglecting  distortion  terms  of  orders  higher 
than  the  second.  However,  he  points  out  that  results  given  by  Rice8  for  random  variables 
indicate  that  there  is  no  correlation  between  the  second-  and  third-order  distortion  term, 
so  that  distortion  from  the  second-order  term  will  combine  on  a  power  addition  basis  with 
distortion  from  the  third-order  term.  Sunde  emphasizes  that  there  may  be  a  negative 
correlation  factor  between  the  second-  and  fourth-order  distortion  terms.  Hence  the  distor¬ 
tion  produced  by  the  fourth-order  term  will  be  subtracted  on  the  average  on  an  amplitude 
basis  from  the  second-order  distortion.  Sunde  presumes  that  the  fourth-order  distortion 
term  may  play  an  important  role  in  reducing  intermodulation  noise  as  the  effective  frequency 
deviation  is  increased. 

A  formula  of  Sunde' s  which  gives  the  second-order  distortion  of  a  pre-emphased  basic 
power  spectrum  in  a  closed  form  can  be  generalized  to  third-  and  fourth-order  distortion. 

The  corresponding  formulae  are  given  in  the  Appendix  of  this  paper. 

The  autocorrelation  function  of  the  output  phase  distortion  of  Equation  (13)  is  given 
by 

^output<T)  =  %  +  Min(T)  +  M’in<T>  +  «^in(T)  +  in  (T>  (15> 

The  coefficients  q1  are  calculated  from  the  coefficients  ai  in  the  Appendix,  using 
the  characteristic  function  methods  described  by  Rice8.  The  terms  q,,  q3  and  qu  cause 
second-,  third-  and  fourth-order  distortion  of  the  corresponding  baseband  power  spectrum. 

The  output  power  spectrum  of  Equation  (15)  can  be  obtained  with  the  aid  of  the  Wiener- 
Khinchin  theorem.  Figure  2  shows  the  power  spectra  of  second-,  third-  and  fourth-order 
distortion  corresponding  to  a  baseband  spectrum  with  10  dB  pre-emphasis.  For  the  numerical 
example  of  the  tropospheric  scatter  path  described  above,  the  signal  to  intermodulation 
ratio  has  been  calculated  in  the  top  channel  as  a  function  of  the  root -mean- square 
frequency  deviation.  It  is  shown  in  Figure  3. 

The  inserted  measured  values  are  results  from  a  similar  troposcatter  test  link  between 
Leiselheim  and  Werthhoven.  They  are  used  with  the  kind  permission  of  Mr.  Albrecht  and 
Dr  Schmitt.  A  comparison  shows  fairly  good  agreement,  which  lies  inside  the  usual  limits 
of  troposcatter  theories  and  measurements.  A  more  detailed  analysis  which  takes  into 
consideration  the  lack  of  symmetry  of  the  tropospheric  scatter  volume  may  give  further 
information. 
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4.  CORRELATION  BETWEEN  FIELD  STRENGTH 

AND  INTERMODULAR ON  DISTORTION 

The  great  advantage  of  the  few-echoes  theory  outlined  in  this  paper  is  an  explanation 
of  a  correlation  between  field  strength  and  signal-to-intermodulation  ratio  which  cannot 
be  obtained  by  either  the  one-weak-echo  theory  or  the  multi-echo  theory. 

Beach  and  Trecker  try  to  explain  the  observed  correlation  between  intermodulation  and 
path  loss,  i.e.,  a  negative  correlation  between  field  strength  and  intermodulation,  by 
assuming  that  minii..  ira  refractivlty  corresponds  to  minimum  bending  of  radio  waves,  that 
yields  maximum  time  delay  for  an  echo  of  given  amplitude  and  therefore  maximum  intermodu¬ 
lation.  This  argument,  which  may  be  valid  for  an  average  value  of  intermodulation  and 
field  strength  taken  over  a  long  time  period,  cannot  explain  the  observed  correlation 
between  short-time  fading  of  field  intensity  and  signal-to-intermodulation  ratio. 

However,  from  the  theory  presented  in  this  paper,  we  can  calculate  the  momentary  field 
intensity  and  signal-to-intermodulation  ratio. 

The  author  believes  that  the  short  time  variation  of  received  field  intensity  and 
intermodulation  can  be  explained  by  random  variation  of  the  large  variable  x  =  0  tA  in 
the  argument  of  the  sine  and  cosine  functions  used  in  the  calculations  of  the  few-echoes 
theory.  To  prove  this  conjecture  many  thousand  trials  of  calculation  of  signal-to- 
intermodulation  ratio  and  field  strength  have  been  performed  on  a  digital  computer 
simulating  the  random  variation  of  x  by  a  random  variable  distributed  uniformly  in  the 
interval  0  <  x  <  2tt  .  Figure  4  shows  a  partial  sketch  of  the  calculated  simulation. 

The  expected  correlation  of  field  strength  and  signal-to-intermodulation  ratio  is  evident. 
Calculation  from  some  thousand  trials  yields  a  correlation  coefficient  of  0.7,  which  is 
in  very  good  agreement  with  the  correlation  coefficient  0.72  measured  by  Schmitt  on  the 
troposcatter  test  link  between  Leiselheim  and  Werthhoven9. 
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APPENDIX 


A!.  Coefficients  of  Nonlinear  Phase  Characteristic 


Lmtion  (14)  can  be  written  in  the  form 


MH(t)  =  I  — M(t)j  {a.  +  2a ,M  +  3a,M2  +  4auM3 +  ...  > 
d  \  dt  1  2  3  M 


=  -(-M(t)J  {b0  +  bjM  +  b,M2  +  bjM3  +  ...  } 


We  can  also  write  Equation  (10)  as 


n 

Zlfj  cos  4>i  -  A  COS  (0Q  +  0d) 


where  we  have  written,  for  abbreviation, 


<t>i  -  2nc(t-ti)  +  2cp(t-t1)  . 


From  Equation  (A2)  we  obtain 


0O  +  0d  =  arctan 


n 

Sr,  sin  0, 
l*o  1  1 


Jr,  cos  0, 
i»o 


Differentiation  yields 


2f2c  +  2M  +  2Md 


N  N 

X  ^_»rirk  ^  COS  (0k~  0j) 
i*o  k*o  dt  ki 

N  N 

2Z  SZr,rb  cos  (<4  -  0i) 
l*o  k=o  1  K  K  1 


Assuming,  that  the  relative  change  of  the  low  frequency  modulation  function  M(t)  is 
small  over  the  delay  intervals  in  question  we  can  approximate  as  follows: 

d  0k  _  dM 

— -  ~  20.  +  2M  -  2tw  _  .  (A5) 


Thus  we  obtain  from  Equation  (A4) 


Mt)  -  ' 


jg  S™4*  C°S 


it  »  2 

\  /  2-  Sr.Th  cos  (0,  -0 l) 

i«o  k=o  1  *  1  * 


a 
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Comparison  of  (Al)  and  (A6),  yields  the  form 

,  ,  cft  +  c.M  +  c,M2  +  c,M3 

b0  +  b.M  +  b.M2  +  b.M3  =  - i - L_ - *  , 

0  1  2  3  d0  +  d,M  +  djM2  +  djM3 

which  yields 


(A7) 


'o  . 


bi  =  7*  (ci  ~bodi>  : 


-  (c2  -  b1d1  -  b0d2)  ;  b3  -  7-  (c3  -  b2dt  -  btd2  -  b0d3) 


Thus  wo  can  calculate  the  coefficients  Uj  of  Equation  (Al).  The  coefficients  cn 


and  d„  are  given  by 


N  N 


C„  = 


1  /  n77  ' 

SS^k^^i-v" cos  (-ac  -  fck>  +!V 

i=o  k=o  n'  \  “  ! 


N  N 


=  2^rirkn72n(tl  “V  cos  f2^c  (ti  ~tk)  +7 


(A8) 


A2.  Higher  Order  Distortion  of  a  Band  limited  Power  Spectrum 
with  Pre-Emphasis 


Fo:-mul9  (15)  describes  the  output  autocorrelation  function  of  a  non-linear  phase 
characteristic.  The  coefficients  qt  can  be  calculated  by  a  method  described  by  Rice8 
using  the  characteristic  function  of  normal  noise,  which  yields  the  higher  moments  of  the 
distribution  necessary  for  the  calculation  of  </' output  •  The  resulting  relation  between 
the  coefficients  qx  and  a:  is 


q2  -  2a2  +  24a?a4^ln(0)  +  72a2«//[n(0) 
q3  =  oa2  ,  qu  =  24a2  ; 


(A9) 


Since  the  output  power  spectrum  of  (15)  is  obtained  with  the  aid  of  the  Wiener-Khinchin 
theorem  by  Fourier  integration,  we  get  the  corresponding  power  spectra  of  nth  order 
distortion  by  n-fold  convolution  of  the  baseband  power  spectrum.  The  output  power 
spectrum  corresponding  to  Equation  (14)  can  be  obtained  from  the  calculated  spectrum  by 
multiplication  with  the  square  of  the  corresponding  frequency. 


Assuming  pre-emphased  bandlimited  Gaussian  noise  the  background  spectrum  is  given  by 


p(x)  =  k(l  +cx2)  if  | x |  <  1 
p(x)  =  0  otherwise  , 


(A10) 


with  x  =  f/fg  being  the  limitation  of  frequency  band.  The  convolutions  of  (A10)  may  be 
performed  graphically  or  numerically.  Sunde  has  given  a  closed  expression  of  the  first 
convolution,  corresponding  to  second-order  distortion3.  This  may  be  generalized  to  third- 
and  fourth-order  distortion. 


Pn  being  the  nth  convolution  of  (A10)  we  have,  assuming  an  even  power  spectrum 
p(x)  =  p(-x)  , 


p,(x)  =  p (x)wp(x)  =  — 


Sd‘,‘ 


if  0  <  x  <  2 


if  x  >  2  , 


4  2  . 

d  =  2  +  -c  +  -c2  , 

0  3  5 


2c  +  -  c  ,  d,  =  --  c 
3  3  3 


=  -  (1  +  2c  +  c2)  , 


0  .  d, 


P3(x)  =  P2(x)*p(x) 


k3  5  V+3 

— 5Zd„  2Z  A_vxm  +  B  xn+1  +  C_vxni 
4v=o  v  m=o  “v  "v  BV 


if  0  <  x  ^  1 


k3  s  r 

=  7Sdvip- 

4  v=o  [ 


V*3 

V  +  V*  +  s  (-l)nGmv*,n  +  (-l)n+1EByXffl+1  + 
m- o 


+  (-  l)n+1Fmx0+2  ^  if  1  ^  x  <  3 


if  x  ^  3  , 


r  „  ,  /V  +  l\  1  /V+3\  C 

A,.y  =  [(-  l)m  +  l]  -  +  - - 

av  \m/v+l  \m/v+3 


2c  /  v  +  2 


v  +  2  \  m 


[(-  1)°  -  l] 


c  A  + 1\ 

-  [(-1)B  + 

v  +  1  \  m  / 


2) v+ 1  (-  2)y*3 

- + - c 

v  +  1  v  +  3 


v  +  2 


1  /v  + 1\  c  /v  +  3' 
\v  +  1  \  m  /  v  +  3  \  m  , 


2c  /v  +  2i 


c  /V  +  1 


v  +  2  \  m 


v  +  1  V  m 
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k4 


p4(x)  =  p  (x)*p(x)  =  —  2  d  S 

8  v=o 


(A13) 


=  i  / u  <(-l>M  -  (-1)M(1  +  X)M)  +  S  [vumv((-l)n,+M  -  (-l)m^(l  +  x)n,+'i)  + 
[  111=0 

+  ^mv((l -X)ra+M  -  (-l)m+M)]|  If  0  £  x  <  2 


5  f  V+3 

Sv  =  3C  |umv(1-x)m  -(-3)m|+  IZvM!nv(n-x)B+M- (-3)'**“)  .  if  2<x<4 


S  =  0 
v 


if  x  ^  4  , 


with 


‘iv 


3  V 


1BV 


3BV 


4BV 


to 


1BV 


CO 


3BV 


to, 


«BV 


Pv(l  +  cx2)  ,  U2V  =  ^(1  +  cx2)  +  cxPvj  , 

RV  5  PV  2  1  cQ„  R 

—  (1  +  cx  )  +_^c  +  -  cxQyJ  .  U4V  =  4+c*-j  •  U5V 

Gmv(l +cx2)/(m+ 1)  ,  v2nv  =  [Emy(l  +  cx2)  +  2cxGmv]/(m  + 
fpBy(1+cx2)  +  cGbv  +  2cxEfflV]/(n  +  3)  , 

(eEBV  +  2cxPmv)/(ra  +  4)  ,  v50V  =  cFmv/(m  +  5)  , 

(1 +  cx2)Anv/(m  + 1)  ,  co2my  -  [Bnv(l +cx2)  +  2cxAmv]/(m  +  2) 

^cAbv+ (1  +  cxZ)Cmv  +  2cxBBV^/(m+3)  * 

(cBbv  +  2cxCfflV)/(ra  +  4)  ,  «8B|T  =  cCBV/(m  +  5)  . 


cRy 

5 

2) 


Although  the  formulae  given  in  the  Appendix  may  look  quite  complicated,  they  considerably 
facilitate  calculations.  For  example,  the  direct  numerical  integration  of  the  convolutions 
of  the  baseband  power  spectrum  with  10  dB  pre-emphasis,  took  about  three-quarters  of  an 
hour,  with  the  aid  of  a  digital  computer,  whereas  a  calculation  based  on  the  formulae 
presented  here,  was  done  in  a  few  minutes.  Moreover,  we  can  calculate  the  convolution  of 
any  desired  pre-emphasis  with  the  aid  of  these  formulae. 
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DISCUSSION  ON  PAPERS  PRESENTED  IN  SESSION  III  (TROPOSPHERIC  SCATTER) 


Discussion  or.  Paper  15:  “ Scattering  of  radio  waves  front  regular  and  irregular  time  varying 
refractive  index  structures  in  the  troposphere",  by  D.T.Gj essing. 

Dr  H.N.Kritikos:  Do  you,  Dr  Gj essing,  have  any  evidence  that  the  assumption  of  the 
homogeneous  turbulence  necessary  for  the  derivation  of  the  Oboukhov  spectrum  is  valid?  Is 
there  any  evidence  that  the  frequency  dependence  of  the  scattering  cross-section  favours 
any  one  of  the  proposed  models? 

Dr  D.  T.  Gj essing:  Our  experiments  show  that  in  general  the  atmospheric  structure  is  neither 
homogeneous  nor  isotropic.  Within  a  limited  spatial  region  (scattering  volume  when  this 
is  small),  however,  the  structure  is  probably  sufficiently  homogeneous  to  permit  use  being 
made  of  Oboukhov’ s  results.  Similarly,  in  most  of  the  cases  the  isotropy  properties  are 
such  that  one  would  not  expect  to  introduce  a  large  error  when  writing  E(K)  =  4  7rK2|t>(K)  . 
This  means  that  the  Oboukhov  K‘5/3  one-dimensional  spectrum  gives  rise  to  a  K‘11/3  three 
dimensional  spectrum  which  is  the  one  measured  in  radio  experiments.  As  pointed  out  in  my 
survey  paper,  we  measure  <t>  (K)  directly  in  beamswinging  experiments,  and  if  4>(K)  ~  K‘n  , 
then  the  wavelength  dependence  of  the  scattering  cross-section  ~  \n"“*  .  Our  beamswinging 
experiments  show  that  the  median  value  of  n  is  11/3.  The  exponent  n  is,  however, 
strongly  dependent  on  atmospheric  stability. 


Discussion  on  Paper  16’,  "Theoretical  analysis  of  medium-dependent  fluctuations  with 
tropospheric  scatter  link .,  and  comparison  with  new  experimental  data,  including  side- 
scatter  characteristics",  by  H.J .Albrecht. 

Dr  E.  N.  Bramley:  You  mentioned,  Dr  Albrecht,  the  Importance  of  multiple  scatter  under  con¬ 
ditions  when  the  scale  length  of  turbulence  is  sufficiently  reduced.  Does  th.s  mean  that 
single  scatter  theory  is  then  inadequate  to  explain  the  experimental  data? 

Dr  H.J. Albrecht:  For  many  scatter  links,  the  influence  of  multiple  scatter  is  negligible. 
However,  in  a  very  general  sense,  multiple  scattering  may  have  an  effect  upon  the  relation¬ 
ship  between  intermodulation  and  field  strength,  as  shown  by  published  data  under  certain 
conditions. 

Dr  Gerda  Fengler:  Dr  Albrecht,  you  have  found  a  correlation  between  signal  decrease  and 
age  of  passing  cold  fronts.  I  should  be  interested  to  know  (a)  if  there  exists  a  de¬ 
pendence  on  the  direction  in  which  the  cold  fronts  are  passing  over  the  radio  link  and 
(b)  what  is  the  correlation  coefficient  between  the  two  parameters  (signal  decrease  and 
age  of  passing  cold  front)? 

Dr  H.J. Albrecht:  Not  possessing  means  of  steering  the  direction  of  cold  fronts,  we  have 
to  accept  what  the  troposphere  offers,  and  that  is  a  predominantly  West-to-East  direction 
for  90%  of  the  cases  observed  since  1965.  With  regard  to  your  second  question  reference 
is  made  to  one  of  my  earlier  publications  (Reference  4  in  my  paper)  for  the  exact  value, 
the  order  of  magnitude  being  0.8  to  0.9. 

Dr  N.C. Gerson:  Several  general  comments  may  be  made  about  the  sizes  of  the  irregularities 
allowing  tropospheric  scatter.  Neglect  for  the  moment  frontal  effects  and  consider  only 
the  average  size  distribution.  The  spectrum  of  available  sizes  undoubtedly  is  a  function 
of  the  air  masses  involved.  Arctic  or  cold  polar  air  masses  undoubtedly  have  median 
irregularity  sizes  which  are  appreciably  smaller  than  those  in  equatorial  air  masses.  Over 
equatorial  ocean  areas  irregularities  of  large  size  may  be  expected  which  persist  lor  re¬ 
latively  long  time  periods  because  of  the  homogeneity  of  the  underlying  surface.  The 
presence  of  this  condition  should  allow  the  use  of  tropospheric  scatter  of  lower  frequencies 
and  should  permit  scattering  at  lower  radiated  powers  for  longer  periods  of  time. 
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Discussion  on  Paper  19,  "Wavelength  dependence  of  microwave  propagation  far  beyond  the 
radio  horizon,  "  by  F.Eklund. 

Dr  H.N.Kritikos:  I  should  like  to  ask  Dr  Eklund  how  the  ratio  between  the  two  species  is 
established.  Is  it  very  critical?  Since  rapid  fluctuations  arise  from  turbulent  scatter¬ 
ing,  is  it  possible  to  differentiate  between  the  two  species  by  filtering  techniques? 

Dr  F. Eklund:  The  ratio  between  the  scattered  and  facet-reflected  powers  is  mainly  determined 
by  the  assumed  relation  between  An  and  C2  .  We  have  assumed  a  linear  relationship  between 
these  parameters  where  the  proportionality  constant  is  determined  from  the  maximum  of 
observed  values.  It  is  not  very  critical,  since  the  model  is  intended  to  describe  average 
conditions.  The  spread  of  the  experimental  points  about  the  theoretical  line  could,  at 
least  to  some  extent,  be  explained  by  a  varying  linear  relationship  between  An  and  C2  . 
With  regard  to  your  second  question,  experiments  have  shown  that  the  facet-reflected 
signals  come  approximately  along  the  great  circle  path,  while  scattered  signals  come  from 
a  wider  horizontal  angular  interval.  This  probably  means  that  the  fading  characteristics 
are  a  little  bit  different  and  it  could  maybe  offer  a  possibility  of  sorting  out  facet- 
reflected  and  scattered  signals  to  some  extent,  by  some  kind  of  signal  handling. 

Dr  J. Rsmasastry:  Could  you  please  give  a  quantitative  estimate  of  what  the  final  result 
would  be  if  one  assumed  a  slightly  different  relationship  between  An  and  C2  ? 

Dr  F.Eklund:  The  scattered  power  is  proportional  to  C2  ,  and  the  facet-reflected  power  is 
approximately  proportional  to  An2;  so,  if  you  change  the  slope  of  the  linear  relationship 
between  An  and  C2  ,  it  is  obvious  how  the  power  terms  will  change.  For  example,  if  we 
change  the  relation  from  An=  0.6  C2  x  10 10  t.o  An  =  0.3  C2  x  10 10  the  reflected  power 
will  decrease  by  6  dB  when  C2  is  held  constant.  The  change  would  mainly  mean  that  we 
have  to  go  to  a  lower  frequency  to  get  a  dominant  contribution  from  the  reflection  mechanism. 


Discussion  on  Paper  20,  " Results  of  the  theory  of  tropospheric  scattering,  derived  from 
propagation  measurements"  ,  by  L.Fehlhaber ,  and  on  Paper  22,  "Experimental  methods  to 
investigate  receiving  fields  with  tropospheric  scatter  propagation",  by  J .Grosskopf 
(presented  by  L.Fehlhaber) . 

Mr  G.  C. Rider:  Dr  Fehlhaber,  in  making  coupling  loss  measurements,  is  the  quoted  loss  of 
1  dB  for  the  2  m  dish  a  measured  or  computed  value?  Have  echoes  due  to  particulate  matter 
and  birds  also  been  observed  on  the  X-band  vertical  incidence  radar  together  with  the 
targets  attributed  to  inversion  layers  and  convective  caps’ 

Dr  L.Fehlhaber:  The  coupling  loss  of  the  2  m  antenna  has  not  been  measured,  but  was  taken 
from  a  CCIR  curve.  The  measurements  yielded  only  relative  coupling  losses.  Echoes  from 
birds,  insects  and  so  on  (that  is,  angels)  have  often  been  seen  but  these  effects  have  not 
been  included  in  the  backscatter  results. 


Discussion  on  Paper  2k,  "Tropospheric  scatter  propagation  at  IS  GHz  over  a  500km  path", 
by  U.H.W.Lammers  and  E.E. Altshuler  (presented  by  Dr  hammers) 

Professor  I.Ranzi:  Did  you.  Dr  Lammers,  determine  the  median  value  or  the  minimum  value 
of  the  basic  propagation  loss  for  the  500  km  distance?  I  had  the  impression  that  such  a 
loss  was  lower  than  we  may  now  theoretically  predict.  Such  data  are  of  great  interest  for 
the  sharing  problems  connected  with  the  use  of  such  frequencies  for  communication 
satellite  systems. 

Dr  U.H.  W.  Laoners:  We  did,  of  course,  calculate  the  medium  signal  levels  to  be  expected  for 
a  500  km  path  using  a  frequency  of  15.7  GHz.  The  results  obtained  from  several  theories 
were  quite  discouraging,  when  we  tried  to  establish  the  troposcatter  link.  Experimentally 
we  found  that  a  received  signal  was  available  almost  any  time  with  properly  pointed  antennas. 
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Dr  N.C.  Gerson:  It  would  be  expected  that  your  results,  which  are  very  interesting,  would 
show  some  correlation  and  perhaps  distinctive  features  depending  upon  the  type  of  air  mass 
over  the  volume  concerned.  Also,  frontal  passages  may  perhaps  allow  characteristic  changes 
in  reflectivity  and  signal  strength.  Have  any  of  these  aspects  been  investigated?  What  is 
the  possibility  that  the  returns  which  you  indicated  as  arising  from  the  tropopause  actually 
represent  a  double-hop  reflection  from  a  tropospheric  scattering  surface? 

Dr  U.H.  W.Lammers:  As  I  mentioned,  the  troposcatter  program  described  was  initiated  only 
very  recently.  This  is  the  first,  mostly  qualitative,  presentation  of  results.  Though 
we  have  a  wealth  of  meteorological  information  from  the  test  periods  conducted  so  far,  we 
did  not  have  a  chance  to  correlate  meteorological  and  radio  data  to  a  great  extent.  We 
have  very  carefully  checked  the  angular  position  and  level  of  the  antenna,  since  we  were 
afraid  of  irregular  returns  like  the  one  mentioned,  or  main  beam-side  lobe  and  side  lobe- 
side  lobe  propagation.  The  fact  that  there  is  only  one  layer  (at  14  km  height),  and  the 
fact  that  this  layer  is  completely  straight  and  horizontal,  is  sufficient  evidence  for 
its  actual  presence.  One  would  not  obtain  such  a  simple  result  in  the  other  cases  mentioned, 
considering  the  rather  complicated  scanning  procedure. 


Discussion  on  Paper  2i,  "Microwave  propagation  influenced  by  internal  gravity  waves",  by 
Cerda  Fengler  and  Gerd  Stilke  (presented  by  Gerda  Fengler) 

Mr  W.G. Burrows:  Would  the  author  please  give  some  details  of  ground  profile  structure  of 
the  paths  used  in  this  experiment? 

Mr  G.  Fengler:  The  terrain  between  the  transmitter  and  all  three  receiver  stations  is  nearly 
flat.  There  are  no  hills  higher  than  100  m.  25%  of  the  400  km  path  from  Berlin  to  the  isle 
of  Heligoland  is  over  the  North  Sea. 

Dr  K.  Davies:  In  the  USA  we  have  observed  atmospheric  waves  in  the  F-region  with  periods  of 
about  2  to  5  minutes.  These  are  associated  with  severe  weather  fronts.  Did  Dr  Fengler 
observe  any  particular  weather  conditions  during  her  observations  on  gravity  waves? 

Dr  G. Fengler:  The  occurrence  of  gravity  waves  is  mostly  associated  with  two  kinds  of 
weather  conditions: 

(a)  With  high  pressure  systems  over  middle  or  northern  Europe,  when  discontinuities  in 
density  and  refractive  index  are  formed  by  outgoing  radiation. 

(b)  With  approaching  warm  fronts,  when  discontinuities  are  formed  by  advection,  i.e. , 
warm  and  dry  air  is  overflowing  cold  and  wet  air.  This  case  corresponds  to  the 
one  Dr  Davies  mentioned. 

Mr  T.  J.  Elkins:  We  at  AFCRL  have  noticed  fading,  very  similar  to  that  which  Dr  Fengler 
described,  by  observing  nearly  stationary  satellites  at  400  MHz,  near  the  horizon.  Without 
having  meteorological  data,  we  came  tentatively  to  the  same  conclusion  regarding  internal 
tropospheric  waves.  Can  Dr  Fengler  (a)  give  an  estimate  of  the  discontinuity  in  radio 
refractive  index  which  she  observed  and  (b)  say  precisely  how  these  gravity  waves  produce 
the  observed  fluctuations  in  field  strength? 

Dr  G.  Fengler:  The  gradients  in  the  discontinuities  of  the  refractive  index  derived  by 
routine  radiosonde  ascents,  are  about  0.2  N/m,  i.e.,  about  5  times  stronger  than  in  the 
well-mixed  atmosphere  (0.04  N/m).  With  a  more  sensitive  instrumentation  of  the  radio¬ 
sondes  the  gradients  would  appear  to  be  far  stonger.  Concerning  your  second  question,  I 
assume  that  the  energy  of  the  electromagnetic  waves  will  be  reflected  by  a  boundary  sur¬ 
face  having  a  wavy  structure.  This  wave  pattern  will  move  with  the  direction  and  velocity 
of  the  gravity  wave.  The  incident  transmitter  beam  will  therefore  periodically  find  the 
same  wave  pattern,  i.e.,  the  same  reflection  conditions.  Hence  the  interference  field  at 
the  receiving  station  will  periodically  have  the  same  form,  i.e.,  the  fading  structure  of 
the  received  field  strength  will  have  a  period  corresponding  to  the  velocity  of  the  gravity 
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Dr  H.J.  Albrecht:  I  should  like  to  comment  on  Mr  Elkin’s  remark  that  fluctuations  in 
signals  observed  from  satellites  just  above  the  horizon  might  be  explained  by  the  influence 
of  gravity  waves.  In  most  cases,  such  fluctuations  are  found  to  be  caused  by  ground 
reflections  rather  than  tropospheric  effects.  I  have  the  following  question  to  Dr  Fengler: 
Has  any  statistical  analysis  been  made  and,  if  so,  what  were  the  correlation  coefficient  and 
the  statistical  significance? 

Dr  G.  Fengler:  A  statistical  analysis  has  been  made  covering  a  two-year  period  (compare 
Section  4. 1  of  my  paper).  During  this  period  about  320  cases  with  pressure  variations  due 
to  internal  gravity  waves  were  measured  and  evaluated.  In  about  80%  of  these  cases  a 
coincidence  with  field  strength  fadings  of  nearly  the  same  periods  was  observed. 

Dr  H.J. Albrecht:  As  a  rule  the  correlation  coefficient  between  refractive  index  and  field 
strength  has  a  low  value  unless  periods  extend  over  at  least  one  month.  If  cases  of 
coincidence  between  pressure  and  field  strength  fluctuations  have  been  observed  every  fifth 
day,  the  occurrence  probability  of  high  pressure  areas  with  inversion  layers  must  be  very 
high.  Can  this  be  confirmed? 

Dr  G.  Fengler:  I  have  already  answered  to  Dr  Davies’s  question  that  the  occurrence  of  internal 
gravity  waves  is  not  only  associated  with  high  pressure  systems,  but  also  with  weather 
fronts.  Both  meteorological  conditions  are  related  to  radio  meteorological  events  due  to 
inversion  layer  structures.  Reference  is  made  to  previous  papers  and  to  publications  in 
preparation. 


Discussion  on  Paper  23,  "Electromagnetic  scattering  from  air  currents",  by  H.N.Kritikos. 

Dr  J.  Ramasastry:  I  have  the  followyig  questions  for  Dr  Kritikos;  Are  the  reflection 
coefficients  shown  by  you  "power"  or  "amplitude”  reflection  coefficients?  Why  did  you 
assume  the  model  in  which  the  air  current  discontinuity  moves  normal  to  the  plane  of 
incidence?  Couldn’ t  it  be  oblique?  The  "total  reflection"  mentioned  by  you  is  not  quite 
the  same  as  the  iotal  reflection  from  a  stationary  mirror.  Don’ t  you  agree? 

Dr  H.N.Kritikos:  The  coefficients  are  amplitude  reflection  coefficients.  With  regard  to 
your  second  question;  from  all  the  evidence  we  have,  the  only  stable  air  currents  are 
those  which  move  along  their  boundaries.  Those  which  move  obliquely  break  down  into  a 
turbulent  state.  I  do  agree  with  your  last  comment.  The  difference  lies  in  the  phase 
of  the  reflection  coefficient,  whose  sign  depends  on  the  relative  direction  of  the  velocity 
of  the  current  with  respect  to  the  incident  field. 

Dr  C.  Fengler:  Is  there  a  dependence  in  reflection  coefficient  on  parallel  and  antiparallel 
direction  to  the  interface  of  the  air  current? 

Dr  H.N.Kritikos:  The  magnitude  of  the  relection  coefficient  is  the  same.  The  phase,  how¬ 
ever,  changes  sign. 


„  ,  y. 
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SUMMARY 


The  topic  of  partial  reflections  and  scattering  of  radio  waves  vertically 
incident  upon  the  lower  ionosphere  is  reviewed.  Present  knowledge  is 
summarized,  in  relation  to  heights  of  occurrence  of  partial  reflections  and 
their  seasonal  and  diurnal  variation,  thicknesses  of  scattering  regions, 
height  profiles  of  scatter  strength  and  their  variations,  and  angular  spectra 
of  reflected  waves.  Theoretical  treatments  of  perturbations  in  electron 
density  and  collision  frequency  r^re  examined.  The  outstanding  lack  of 
knowledge  concerns  processes  in  the  fluid  atmosphere  which  cause  these 
perturbations.  Existing  radio  wave  theories  are  essentially  descriptive, 
and  the  application  of  more  complex  formulations  requires  a  corresponding 
advance  in  physical  understanding.  The  relation  of  vertical  backscattering 
and  oblique  forward  scattering  is  discussed.  Applications  of  scattering  to 
the  determination  of  electron  densities  below  100  km,  to  the  measurement  of 
winds  above  65  km,  and  to  detection  of  particle  influx  are  discussed.  New 
developments  in  relation  to  the  influence  of  atmospheric  circulation  on  the 
aeronomy  of  the  lower  ionosphere  are  outlined. 
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RADIO  WAVE  SCATTERING  FROM  THE  IONOSPHERIC  D- REGION 

J. B. Gregory 


1.  INTRODUCTION 

This  review  will  discuss  the  phenomena  involved  in  the  partial  reflection  and  scattering 
of  radio  waves  vertically  incident  upon  the  lower  ionosphere.  The  altitudes  involved  are 
those  below  100  km.  with  a  present  lower  limit  of  about  50  km.  These  altitudes  include 
part  of  the  stratosphere,  the  mesosphere  and  part  of  the  lower  thermosphere,  and  thus 
extend  above  and  below  the  D-region.  Restriction  of  the  direction  of  incidence  to  vertical, 
or  near-vertical,  permits  this  form  of  scattering  to  be  distinguished  from  oblique,  forward 
scattering,  tnough  these  two  forms  have  some  features  in  common.  The  exclusion  of  total 
reflection  phenomena  directs  attention  away  from  mean  values  of  properties  of  the  lower 
ionosphere  towards  perturbations  of  those  values.  The  reflected  energy  is  generally  a 
small  fraction  of  incident  energy,  i.e.  the  scattering  is  weak.  It  is  thus  possible  to 
derive  information  about  mean  values  of  macroscopic  properties,  such  as  electron  densities 
and  collision  frequencies,  from  a  study  of  the  scattered  waves. 

The  subject  thus  defined  proves  to  be  remarkably  complex.  It  involves  not  only  magneto¬ 
ionic  theory,  but  also  the  physics  of  irregularities  in  neutral  and  ionized  constituents 
of  the  atmosphere.  (The  term  irregularity  will  be  used  here  as  denoting  a  volume,  without 
limitation  on  geometrical  form,  in  which  the  value  of  some  property  of  the  atmosphere  differs 
from  that  in  the  surroundings.  The  term  perturbation  will  be  applied  to  the  change  of  value 
of  that  property  as  compared  with  some  mean  value,  e.g. ,  cf  the  surroundings.)  Little  is 
known  about  the  mechanism  of  generation  of  irregularities,  though  much  has  been  hypothesized, 
for  example  that  turbulence  is  the  main  dynamical  process  involved.  This  uncertainty  affects 
the  application  of  magneto-ionic  theory  to  the  scattering  process.  Existing  magneto-ionic 
theory  appears  to  be  adequate  to  describe  the  propagation  of  the  scattered  waves,  particu¬ 
larly  when  a  generalized  form  is  employed.  Advances  in  treatment  of  the  electromagnetic 
aspects  of  scattering  are  thus  dependent  on  a  better  understanding  of  the  physics  and  fluid 
dynamics  of  the  irregularities. 

Experimental  studies  of  the  topic  are  basically  dependent  on  ability  to  detect  weak 
scattered  or  partially  reflected  waves.  Thus  the  history  of  the  subject  is  that  of  develop¬ 
ment  or  application  of  techniques  which  permit  adequate  observations.  In  this  respect,  the 
most  useful  technique  is  that  of  pulse  tr.insmission  at  a  single  medium  frequency  (MF),  with 
adequate  transmitter  power,  e.g.  100  kW  peak;  some  antenna  gain,  e.g.  15  dB  over  an  iso¬ 
tropic  radiator,  and  good  receiving  conditions,  e.g.  a  low-noise  site  and  receiver  of  low 
noise  factor.  Current  techniques  provide  adequate  sensitivity,  but  improvements  in  height 
and  angular  resolutions  are  desirable. 

This  survey  will  deal  briefly  with  the  development  of  the  subject,  and  will  summarize 
the  relatively  small  body  of  information  on  the  characteristics  of  scattering.  A  dis¬ 
cussion  of  theoretical  approaches  and  current  problems  of  treatment  will  follow.  A  final 
section  will  deal  with  some  applications  of  scattering  to  measurements  of  ionospheric 
properties  and  winds. 
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2.  HISTORICAL  DEVELOPMENT 

Experimental  studies  of  D-region  scattering  had  an  uncertain  start.  They  were  stimulated 
by  the  work  of  Appleton  (1930),  who  deduced  the  existence  of  free  electrons  below  the 
E- region  of  the  ionosphere  from  evidence  of  radio  wave  absorption.  A  D-region,  located 
around  60  km,  was  postulated  by  him.  At  that  time,  the  reflection  of  waves  from  the  iono¬ 
sphere,  after  oblique  incidence,  had  been  established,  but  the  direct  detection  of 
reflections  of  vertically  Incident  waves  from  heights  below  E-region  had  not  been  achieved. 
Between  1932  and  1947,  several  workers  attempted  this  latter  objective.  In  retrospect,  it 
is  evident  that  the  frequencies  employed  were  such  that  only  partial  reflection  from  the 
D-region  was  likely  to  have  occurred.  Nevertheless,  a  number  of  claims  were  made  that 
D-region  reflections  had  been  detected. 

It  is  difficult  to  decide  how  much  reliance  may  be  placed  upon  these  early  claims.  A 
review  of  some  twenty  papers  published  prior  to  1947  fails  to  identify  any  particular  work 
as  a  starting  point  for  vertical  incidence  studies  of  the  D-region.  Perhaps  the  most 
significant  point  which  emerges  is  that,  in  order  to  achieve  similar  results  in  a  reliable 
and  reproducible  manner,  equipment  of  much  superior  performance  is  now  found  to  be  essential. 
A  reading  of  early  papers  shows  that  some  workers  were  not  aware  of  the  limitations  of  their 
equipment,  and  claimed  impossible  results.  Others  undoubtedly  noted  reflections  from  ranges 
between  5  and  90  km,  but  failed  to  interpret  these  correctly.  For  example,  reflections 
from  hills  and  from  objects  on  the  surface  of  the  earth  appear  to  have  been  mistaken  by 
several  workers  for  reflections  from  the  atmosphere  below  50  km.  A  prevalent  cause  of  con¬ 
fusion  has  been  the  reflection  of  radio  waves  from  the  surface  of  the  sea.  Well  defined 
sea  echoes  from  20  to  80  km  range,  overlapping  with  atmospheric  reflections  at  altitudes 
down  to  70  km,  have  been  observed  on  many  occasions.  Thus  from  coastal  and  island  sites 
there  have  originated  observations  which  cannot  be  accepted  as  describing  high  altitude 
phenomena,  but  which  were  made  the  basis  of  deductions  ccncerning  the  lower  ionosphere. 
Failure  to  recognize  ground  and  sea  returns  of  transmitted  pulses  has  persisted  until 
recent  date. 

During  1939-1945,  a  series  of  oblique  transmissions  of  MF  waves,  together  with  measure¬ 
ments  of  pulse  delay  times,  established  the  existence  of  reflections  from  altitudes  down 
to  75  km.  Likewise  the  study  of  atmospherics  and  VLF  and  LF  propagation  from  1936  to  1951 
yielded  some  estimates  of  altitudes  of  reflections.  The  first  reliable  pulse  soundings 
at  vertical  incidence,  specially  designed  to  study  the  lower  ionosphere,  appear  to  have 
been  those  of  Helliwell,  et  al. 1  (1951),  who  used  frequencies  of  100  kHz  and  325  kHz  to 
obtain  reflections  from  90  to  130  km  at  night.  The  first  daytime  results  which  fit  into 
the  recognizable  pattern  of  D-region  scattering  appear  to  be  those  of  Dieminger  and 
Hoffman-Heyden2  (1952),  who  reported  reflections  from  pulse  transmissions  for  frequencies 
between  1.5  and  4.0  MHz,  at  altitudes  between  75  and  100  km.  About  the  same  time, 
Gnanallngam  and  Weekes3  (1952)  reported  reflections  down  to  75  km,  using  a  frequency 
modulation  technique. 

A  significant  advance  was  made  by  Gardner  and  Pawsey4  (1953).  Working  at  a  very  low 
noise  site,  they  detected  reflections  down  to  about  70  km,  and  studied  such  characteristics 
as  fading.  They  also  made  measurements  of  ratios  of  amplitudes  of  the  two  circularly 
polarized  components,  and  obtained  values  of  electron  density  through  calculations  of 
differential  absorption  coefficients.  Reference  to  this  differential  absorption  experiment 
(DAE)  is  made  in  Section  6.2.  A  further  step  was  the  introduction  by  Gregory5'6  (1956,  1961) 
of  techniques  which  provided  adequate  sensitivity  and  height  resolution.  These  included 
the  use  of  aerial  arrays  of  improved  gain,  use  of  a  common  aerial  for  transmission  and 
reception,  the  radiation  of  pulses  less  than  25  microseconds  in  length,  and  systematic 
change  of  receiver  gain  to  resolve  reflections.  He  showed  the  existence  of  echoes  down 
to  55  km  or  less  in  daytime,  and  examined  their  altitude  structure  (Section  3.3). 

Titheridge7  (1962)  made  a  similar  investigation,  using  the  frequency  modulation  apparatus 
of  Gnanal  ingam. 
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All  the  expfi  lmental  studies  described  above  were  made  at  frequencies  not  greater  than 
7  MHz.  This  situation  accords  with  the  decrease  of  radio  wave  reflection  coefficient 
from  a  given  irregularity  with  increasing  radio  frequency  in  the  MF  and  HF  ranges.  At 
higher  frequencies,  e.g.  50  MHz,  only  apparatus  with  high  transmitter  power,  e.g.  1  MW. 
and  very  large  aerial  gain,  offers  the  possibility  of  detection  of  vertical  incidence 
reflections  from  below  E-region.  Bowles8  (1958)  detected  reflections  at  41  MHz  in  a  tem¬ 
perate  zone,  and  Flock  and  Balsley9  (1967)  have  reported  reflections  at  49.9  MHz  in  the 
equatorial  zone.  The  occurrence  of  these  reflections  has  not  been  as  frequent  or  as  con¬ 
sistent  as  those  observed  at  MF.  At  a  frequency  of  430  MHz,  incoherent  backscatter 
equipment  has  detected  energy  returning  from  altitudes  of  55-70  km  (Lalonde10,  1966),  but 
the  interpretation  of  these  reflections  is  still  a  matter  of  debate.  Since  1962,  attention 
has  been  directed  away  from  the  characteristics  of  the  scattering  process  towards  its 
utilization  as  a  means  of  deriving  macroscopic  properties  of  the  atmosphere,  such  as 
electron  densities. 


Theoretical  study  of  electromagnetic  aspects  of  partial  reflections  and  scattering  at 
vertical  incidence  may  be  considered  as  a  special  case  of  studies  of  oblique  scattering, 
such  as  those  made  by  Booker11  (1959).  At  medium  frequencies,  it  is  desirable  that  theo¬ 
retical  treatments  include  the  effects  of  collisions,  of  the  earth’s  magnetic  field,  and 
of  differences  in  phase  paths  of  ordinary  and  extra-ordinary  components  of  scattered  waves. 
Flood12  (1968)  has  modified  Booker’s  treatment  to  take  account  of  absorption  of  the  radia¬ 
tion  incident  upon  different  parts  of  the  scattering  volume  (see  Section  4.3). 


3.  SCATTERING  PHENOMENA 
3. 1  General 

The  aim  of  a  study  of  partial  reflections  and  scattering  from  heights  below  100  km  is 
ideally  a  quantitative  description  of  the  strength  of  the  scattered  waves  in  terms  of 
location,  time  and  propagation  conditions.  Such  a  description  would  presumably  imply  that 
the  appropriate  mechanisms  of  scattering  or  reflection  had  been  correctly  Identified. 
Sufficient  evidence  exists  to  show  that,  at  times,  more  than  one  mechanism  operates,  in 
the  altitude  range  between  50  km  and  100  km.  This  point  may  be  confirmed  by  reference  to 
Figure  1,  which  shows  a  selected  record  of  a  vertical  incidence  pulse  transmission  at 
2.3  MHz  made  at  79°S  (Scott  Base).  Visible  in  this  record  are  some  reflections  at  altitudes 
of  59  and  68  km  which  might  well  be  considered  as  arising  from  a  specular  reflection 
process.  At  higher  altitudes,  between  73  and  90  km,  and  above  92  km,  more  rapid  time 
variations  of  the  reflections  are  evident.  These  might  be  consistent  with  turbulent 
scattering.  At  present,  information  is  available  as  to  the  heights  and  thicknesses  of 
scattering  regions  or  reflecting  layers,  and  their  strengths,  as  a  function  of  time  of 
day  and  season,  for  only  a  few  latitudes.  Statistical  studies  of  the  time  variation  of 
the  strength  of  the  scattered  reflections  (fading)  are  available  in  less  quantity. 

Elementary  theories  of  the  radio  wave  reflection  process  show  that  the  reflection 
coefficient  of  a  given  irregularity  is  proportional  to  the  fractional  change  in  refractive 
index,  An/n  .  The  dominant  factpr  in  determining  the  altitudes  at  which  scattering  occurs 
is  the  presence  of  free  electrons,  and  the  strength  of  scattering  depend  upon  the  electron 
density  at  a  given  altitude.  Electron  density  profiles  are  known  to  be  variable  with  solar 
zenith  angle,  with  season,  with  changes  in  solar  ionizing  radiation,  e.g.  soft  X-ray  fluxes, 
and  with  influx  of  corpuscular  radiation,  e.g.  solar  protons  at  high  geomagnetic  latitudes. 
Belrose13  (1963)  and  Knecht14  (1965)  have  summarized  information  on  electron  density  below 
100  km.  Seasonal  average  noon  profiles  of  electron  densities  at  a  middle  latitude  have 
recently  been  presented  by  Gregory  and  Manson15  (1968). 

Scattering  at  vertical  incidence  has  been  observed  at  high  geomagnetic  latitudes,  pole- 
ward  of  the  auroral  zones,  where  solar  proton  influxes  causes  large  increases  in  electron 
densities  below  80-100  km  (Gregory16,  1962).  Similar  scattering  has  been  observed  in  the 
auroral  zones,  where  electron  precipitation  causes  increases  below  120  km  (Holt,  Landmark 
and  Lied17,  1962).  The  various  studies  mentioned  in  Section  2  show  that  scattering  occurs 
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throughout  mid-latitudes,  certainly  to  30-35°  geographic.  For  latitudes  close  to  and 
including  the  equator,  little  information  is  available,  though  satisfactory  measurements 
of  electron  densities  have  been  made  by  the  differential  absorption  method  at  19°S 
(Thrane  et  al. 1#,  1988). 

3. 2  Heights  of  Reflection 

Dieminger1’  (1952),  observing  at  52°N  from  1949  to  1952,  noted  reflections  down  to 
75  km  in  the  middle  of  the  day.  However,  his  equipment  did  not  permit  the  resolution  of 
individual  reflecting  structures.  Gardner  and  Pawsey4  (1953)  observing  for  a  total  of 
less  than  20  days  in  1951  and  1952  at  34°S,  noted  reflections  which  they  grouped  into  two 
divisions,  namely,  “90  km”,  which  referred  to  those  between  80  and  110  km,  and  “70  km” 
which  referred  to  those  below  80  km.  Gnanalingam  and  ffeekes3  (1952)  reported  reflections 
from  heights  between  75  and  80  km,  and  also  above  90  km,  at  52°N.  A  larger  body  of  data 
was  obtained  by  Gregory5,6  (1956,  1961)  at  43°S.  His  observations  were  made  automatically 
at  hourly  intervals  throughout  1956-1958,  and  mid-day  thereafter.  The  heights  of  occurrence 
of  observed  partial  reflections  varied  considerably.  However,  when  data  were  assembled 
into  histograms  of  occurrence,  by  months,  reflections  were  found  to  occur  most  frequently 
in  regions  whose  lower  boundaries  were  close  to  55,  61,  66,  74  and  86  km.  A  further  region, 
possibly  totally  reflecting  at  times,  was  found  at  95  km.  Reflections  near  86  km  continued 
throughout  day  and  night,  whereas  lower  reflections  were  essentially  of  day-time  occurrence 
only.  Lowest  altitudes  were  reached  around  noon. 

All  the  foregoing  measurements  were  made  at  frequencies  between  1.4  MHz  and  3  MHz. 
Titheridge7  (1962)  working  at  52°N,  used  a  lower  frequency  of  720  kHz.  From  an  analysis 
of  40,000  recorded  heights  obtained  during  1957  and  1958,  he  reported  that  reflections 
tended  to  occur  from  heights  of  about  71,  80,  90  and  100  km.  The  observations  by  Gregory 
and  Titheridge  comprise  the  bulk  of  available  data,  and  both  sets  of  data  suggest  that 
the  occurrence  of  preferred  heights  is  a  real  phenomenon  in  the  atmosphere.  It  may  be 
noted  that,  at  a  higher  latitude  of  69°,  though  under  conditions  of  particle  influx, 
observations  by  Holt  et  al.  17  (1962)  also  revealed  a  tendency  for  preferred  heights  around 
63,  73,  possibly  77,  and  83  km.  Belrose  and  Burke20  (1964)  have  published  a  limited  sample 
of  their  observations,  from  which  the  reflections  which  occurred  at  greatest  strengths 
have  been  omitted.  It  is  therefore  not  possible  to  compare  their  data  with  that  of  other 
workers. 

The  existence  of  preferred  heights  of  scattering  is  inferred  from  assemblages  of  data, 
and  requires  to  be  interpreted  in  a  statistical  sense,  i.e.,  for  a  sample  observation, 
the  probability  of  occurrence  of  a  reflection  at  a  preferred  height  is  larger  than  the 
probability  of  occurrence  at  other  heights.  Data  presented  as  histograms  usually  show 
reflections  at  all  heights,  but  the  matter  of  continuity  of  reflections  throughout  all 
heights  at  a  particular  time  requires  closer  examination  (see  Section  3.3).  Before  the 
existence  of  preferred  heights  can  be  accepted  as  verified,  it  is  necessary  to  investigate 
at  least  two  factors.  These  are  the  height  resolution  possible  in  a  given  experimental 
arrangement  and  the  presence  of  bias  in  scaling  of  records.  Height  resolution  is  determined 
by  matters  such  as  pulse  length,  and  antenna  polar  diagram,  in  pulsed  equipment.  Bias 
usually  occurs  as  a  personal  factor  in  scaling  of  records,  e.g.  in  interpolation  of  tenths. 

Ihe  work  of  Gregory  and  of  Titheridge  has  been  examined  in  these  aspects.  Gregory 
(unpublished)  has  recently  arranged  for  an  independent  re-examination  of  his  data  and, 
apart  from  some  anticipated  changes  in  personal  bias,  has  had  his  original  findings  con¬ 
firmed  with  only  minor  modifications.  Some,  but  not  all,  of  Titheridge' s  data  show 
evidence  of  bias.  For  both  investigators,  it  appears  that  the  technical  characteristics 
of  their  equipment  permitted  good  height  resolution.  The  effects  of  oblique  reflections 
in  each  experiment  are  more  difficult  to  assess.  It  is  concluded  that  the  existence  of 
preferred  heights  of  reflection,  under  the  particular  conditions  of  observation  in  the 
two  experiments,  is  a  real  phenomenon.  The  agreement  which  Titheridge  purported  to  find 
between  his  and  Gregory’s  data  is  not  well  established,  however,  due  to  the  structure  of 
reflecting  regions. 
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3.3  Structure  of  Reflecting:  Regions 

Studies  of  amplitudes  of  reflections  as  a  function  of  altitude  and  time  reveal  that 
reflecting  regions  exist.  These  may  be  discrete,  i.e.  separated  by  altitude  intervals  in 
which  amplitude  is  below  detection  level,  or  continuous,  i.e.  extending  throughout  a  range 
of  altitudes.  (See,  for  example,  height-time  records  in  Gregory5  (1956),  obtained  using  a 
pulse  length  of  ten  microseconds  at  half-power  points.)  Discrete  reflections  are  more 
prevalent  below  80  km,  and  continuous  reflections  above  that  height.  By  applying  a  swept- 
gain  technique,  Gregory  (unpublished)  has  been  able  to  show  that  reflecting  regions  have 
thicknesses  ranging  from  less  than  1  km  to  more  than  5  km.  The  mean  thickness  increases 
with  altitude.  The  probability  of  occurrence  of  these  regions  decreases  with  increasing 
thickness.  Greatest  prol»bility  of  occurrence  is  in  winter,  particularly  when  the  wind 
flow  in  the  mesosphere  is  disturbed  by  the  passage  of  a  planetary  or  cyclonic  wave  (Gregory 
and  Manson21,  1968).  No  detailed  studies  have  been  made  on  the  characteristics  of  irregu¬ 
larities  within  these  reflecting  regions.  The  hypothesis  that  the  latter  are  also  regions 
of  turbulent  shear  flow  of  air  is  plausible  (see  Section  4.4). 

3.4  Amplitude  of  Scattered  Waves 

The  amplitude  of  partially  reflected  or  scattered  waves  has  been  measured  only  at  the 
earth’s  surface.  Thus,  after  allowance  is  made  for  the  parameters  of  a  given  experimental 
arrangement,  the  amplitudes  are  governed  both  by  the  amount  of  ionospheric  absorption 
between  the  surface  and  the  altitude  of  reflection,  and  by  the  nature  of  the  reflection 
process.  To  date,  only  data  representing  amplitudes  uncorrected  for  absorption  have  been 
published.  Gregory22  (1967)  has  presented  a  set  of  height  profiles  of  monthly  mean  noon 
scatter  strength,  relative  to  a  fixed  strength,  for  the  years  1956-1957,  at  1.75  MHz. 

Apart  from  a  number  of  minor  features,  all  the  profiles  show  a  general  increase  in  strength 
with  height  to  the  maximum  altitude  reported,  95  km.  Between  55  and  95  km,  the  mean 
strength  increased  by  an  amount  varying  between  35  and  50  decibels,  with  greatest  increase 
in  winter.  The  existence  of  a  winter  increase  is  confirmed  by  other  workers,  e.g.  Titheridge7 
(1962). 

Day-to-day  variations  of  the  recorded  amplitude  at  the  earth’s  surface,  as  a  function  of 
altitude,  are  considerable,  reaching  as  much  as  70  decibels  in  the  height  range  80-100  km. 

The  respective  effects  of  the  scattering  process  and  of  absorption  have  not  yet  been 
separated  in  regard  to  these  variations. 

3.5  Seasonal  Variations  of  Amplitude 

A  winter  increase  in  amplitude  of  scattered  waves  was  early  observed  by  Dieminger19 
(1952).  Seasonal  variations  in  amplitude  have  been  examined  by  Gregory22  (1967),  who 
grouped  data  for  noon  periods,  1956-1959,  into  four  altitude  ranges  of  10  km  each  between 
55  and  94  km.  When  data  for  similar  months  were  assembled,  a  winter  maximum  was  found  in 
all  four  altitude  ranges.  The  ratio  of  winter-to-suramer  amplitudes  was  largest  in  the 
75-84  km  interval,  being  about  18  dB  at  these  altitudes.  An  important  feature,  which  is 
also  relevant  to  studies  of  VHF  forward  scattering,  is  the  occurrence  of  both  a  winter 
and  a  summer  maximum,  above  75  km.  Although  the  winter  maximum  dominates  at  all  altitudes, 
the  summer  maximum  increases  with  altitude,  so  that  a  semi-annual  variation  is  pronounced 
in  the  region  above  75  km.  This  variation  applies  to  amplitudes  which  are  uncorrected  for 
absorption.  The  related  variations  of  electron  densities  in  the  same  altitude  ranges  are 
discussed  in  Section  7. 

3.6  Diurnal  Variation  of  Amplitude 

The  tendency  for  reflection  amplitudes  to  reach  a  maximum  at  noon  was  noted  by  early 
workers.  Gardner  and  Pawseyu  (1953)  found  that  the  "70  km”  group  of  reflections  increased 
in  amplitude  from  sunrise  to  noon,  then  decreased,  to  disappear  after  sunset.  Their 
"90  km”  group  tended  to  decrease  to  a  shallow  minimum  at  noon,  presumably  because  of  the 
effect  of  ionospheric  absorption.  Gregory  (unpublished)  has  noted  the  appearance,  around 
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sunrise  and  sunset,  of  weak  reflections  at  low  altitudes,  e.g.  60  km.  The  origin  of  these 
reflections  is  believed  to  be  related  to  the  formation  of  a  minor  maximum  of  electron 
densities  by  incident  cosmic  radiation.  Such  a  maximum  has  been  inferred  by  Deeks23  (1966) 
and  Bain  and  May24  (1967). 

It  is  to  be  noted  that  wide  variations  in  diurnal  behaviour  are  encountered,  so  that 
the  trends  described  above  must  be  considered  as  representative,  rather  than  as  actual, 
behaviour  on  a  given  day. 

3.7  Diurnal  Variations  of  Altitude 

The  diurnal  variations  of  amplitude  just  described  may  be  re-interpreted  as  variations 
of  altitude  by  plotting  contours  of  constant  amplitude.  One  such  amplitude,  in  a  given 
experimental  system,  is  the  value  which  is  just  detectable,  for  example,  photographically. 

A  smooth  variation,  with  lowest  altitude  at  noon,  might  be  expected  for  reflections  of 
smallest  detectable  amplitude  if  solar  control  predominates.  While  this  situation  does 
occur  at  times,  notably  when  scattering  is  continuous  in  altitude,  an  alternative  behaviour 
is  also  evident.  Gregory6  (1961)  showed  that  many  reflections  persisted  at  essentially  the 
same  altitude  throughout  daylight  hours,  or  underwent  changes,  including  appearance  and 
disappearance,  which  were  not  related  to  solar  zenith  angle.  A  dynamical  origin  of  this 
latter  behaviour  was  postulated. 

3.8  Angular  Spectrum 

The  scattering  of  waves  from  a  partially  reflecting  region  of  the  atmosphere  may  be 
treated  as  a  diffraction  effect,  in  which  the  angular  spectrum  and  the  complex  amplitude 
of  the  waves  leaving  the  region  are  related  as  a  Fourier  transform  pair.  In  order  to 
determine  the  corresponding  angular  spectrum,  measurements  must  be  made  over  an  area 
which  includes  the  largest  significant  scale  sizes  in  the  diffraction  pattern.  If  the 
diffraction  pattern  did  not  change  with  time,  such  a  measurement  would  present  little 
difficulty.  However,  the  pattern  is  found  to  move  and  to  change  its  geometry  while  moving. 
Hie  experimental  requirement  is  then  to  sample  the  pattern  simultaneously  throughout  the 
significant  area.  This  requirement  has  not  been  achieved  in  any  studies  reported  to  date. 
Corresponding  information  on  the  angular  spectrum  is  thus  not  yet  available. 

An  alternative  approach  to  this  problem  is  through  the  determination  of  the  spatial 
correlogram  which  describes  the  form  of  the  diffraction  pattern  on  the  ground.  Kelleher25 
(1966)  has  attempted  this  determination  for  reflections  from  E-  and  F-regions.  A  similar 
experiment,  involving  a  series  of  spaced  antenna,  is  desirable  to  determine  D-region 
characteristics.  Awe26  (1961)  has  made  measurements  using  two  antenna  only,  on  reflections 
from  90  km  altitude.  He  reported  lower  values  of  correlation  coefficient  than  were  obtained 
hy  Briggs  and  Phillips27  (1950)  for  the  E-region,  implying  a  larger  spread  of  angles  of 
downcoming  waves  from  the  90  km  altitude  region.  It  is  likely  that  the  angular  spectra  of 
waves  reflected  below  the  E-region  are  very  variable  with  altitude  and  time. 

Awe  has  also  studied  the  fading  of  90  km  reflections.  He  found  that  the  mean  fading 
speed  was  approximately  three  to  four  times  the  speed  of  fading  of  E-region  reflections. 

A  wide  range  of  fading  speeds,  varying  with  altitude  and  time,  can  be  noted  in  published 
data.  The  significance  of  these  amplitude  variations,  in  relation  to  wind  and  electron 
density  profiles,  remains  to  be  established. 


4.  THEORETICAL  TREATMENTS 
4. 1  General 

In  this  section  some  discussion  will  be  given  of  attempts  to  establish  theoretical 
descriptions  of  the  radio  wave  partial  reflection  and  scattering  processes.  It  should 
be  noted  that  such  descriptions  are  essentially  confined  to  electromagnetic  processes, 
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since  the  atmospheric  processes,  to  which  the  scattering  may  ultimately  be- ascribed,  are 
not  yet  identifiable  with  any  certainity.  It  is  thus  necessary  to  assume  a  model  of  the 
electromagnetic  process;  more  specifically,  the  geometry  of  the  reflectors  of  scatterers 
must  be  postulated. 

4.2  The  Fresnel  Discontinuity 

Hie  simplest  and  perhaps  most  useful  approacn  is  one  which  invokes  partial  reflection 
at  an  extended  horizontal  irregularity  in  refractive  index,  as  distinct  from  volume 
scattering.  The  horizontal  extent  of  the  irregularity  is  assumed  sufficient  to  fill  the 
first  Fresnel  zone,  for  vertically  incident  waves.  This  dimension  is  typically  of  the 
order  of  3  km,  for  MF  waves,  at  mesospheric  altitudes.  If  the  medium  below  the  irregularity 
has  a  refractive  index  of  n:  ,  and  that  above  the  boundary  has  an  index  of  n2  ,  the 
reflection  coefficient,  R  ,  at  normal  incidence,  for  the  electric  field  intensity  is  given 
by 


j  n  2  +  n  i  | 

(Budden28,  1961).  The  same  expression  can  be  shown  to  apply  (Thrane29,  1966)  to  the 
ordinary  (0)  and  extra-ordinary  (X)  circularly  polarized  waves  when  the  propagation 
direction  coincides  with  that  of  the  magnetic  field.  A  quasi -longitudinal  approximation 
is  useful  in  many  situations,  and  hence  the  reflection  coefficients,  Rx  ,  R0  for  such  a 
model  of  an  irregularity  may  be  calculated  for  application  in  many  experimental  situations. 
In  practice,  n2  and  nt  are  usually  not  known,  and  equivalent  values  of  Rx  and  R0 
are  determined  from  measurements  of  amplitudes  of  reflections  on  the  basis  of  the  model 
described.  It  is  found  that  the  equivalent  reflection  coefficients  are  in  the  range  from 
<  10~5  to  >  10" 2  ,  usually  increasing  in  magnitude  from  altitudes  of  approximately  50  km 
up  to  E-region.  These  values  have  usually  been  determined  in  the  presence  of  ionospheric 
absorption  of  unknown  extent. 

A  more  complicated  geometry  of  irregularity  involves  a  series  pf  small  reflecting 
structures,  for  each  of  which  a  reflection  coefficient  can  be  calculated.  This  model  was 
first  discussed  by  Gardner  and  Pawsey"  (1953)  in  connection  with  the  differential  absorption 
experiment  using  partial  reflections.  These  authors  deduced  that,  provided  equality  of 
phase  paths  for  0  and  X  waves  is  maintained  for  each  irregularity,  the  ratio  Rx/R0 
is  the  same  as  that  calculated  for  a  single  extended  plane  horizontal  irregularity.  This 
point  is  discussed  further  in  relation  to  the  differential  absorption  experiment 
(Section  6.  2). 


4.  3  Volume  Scattering 

The  case  of  volume  scattering  has  been  considered  by  Booker1  1  (1959),  primarily  for 
application  at  VHF,  where  the  effect  of  the  earth’s  magnetic  field  and  electron  collisions 
with  neutral  particles  may  be  neglected.  In  place  of  a  model  of  an  irregularity  structure, 
the  autocorrelation  function  which  describes  the  spatial  distribution  of  the  radio  wave 
irregularities  must  be  assumed. 


A  scattering  cross-section,  a  ,  which  is  the  power  scattered  per  unit  solid  angle,  per 
unit  incident  power  density  per  unit  volume,  is  then  calculable  as 


where 


a  = 


Ae 

€ 


2  7 t2  sin2  X 
A2 


P[k ( f  2  -  l  j)  ,  k(m2  -  mj)  ,  k(n2  -  nt)] 


(2) 


e  =  permittivity  of  medium 

X  =  angle  between  scattering  direction  and  incident  electric  vector 
k  -  wavelength 
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P(f,m,n)  -  Fourier  transform  of  p(x, y,z)  .  the  autocorrelation  function  of  (Ae/e). 
Z,m, n  =  direction  cosines  of  scattering  (2)  and  incidence  (1)  directions. 

Booker  suggests  a  number  of  possible  forms  of  p(x,  y,z)  .  Of  these,  the  simple  Gaussian 
form 


P(x,  y,  z) 


(3) 


where  a ,  b  ,  c  are  scale  lengths,  has  been  most  often  used  in  VHF  forward  scatter.  No 
experimental  tests  appear  to  have  been  made  of  the  suitability  of  any  of  the  forms  of 
p(x, y,z)  for  application  to  MF  back  scattering. 

Booker’s  theory  has  been  extended  by  Hood12  (1968)  to  take  account  of  absorption  in 
the  scattering  volume.  Flood  assumed  that  the  latter  is  in  the  form  of  a  horizontal  slab, 
whose  vertical  thickness  Sh  is  determined  by  the  pulse  duration  r  . 

.  T 

i.e.  Sh  =  c  -  .  (4) 

2 


He  assumed  also  that  plane  waves  are  incident  upon  this  slab  from  below.  Flood  showed 
that  in  these  circumstances  the  expression  for  a  scattering  cross-section  a  ,  as  defined 
above,  is  not  unique,  since  it  involves  the  pulse  length  as  one  of  the  volume -determining 
factors.  Hie  quasi-longitudinal  approximation  to  the  generalized  (Sen  and  Wfyller30,  1960) 
magneto-ionic  theory  was  used  throughout  in  the  derivation  of  radio  wave  refractive  index. 

The  relevance  of  Flood's  theory  to  studies  of  back -scattering  appears  to  be  limited. 

The  geometry  of  the  scattering  volume  is  determined  by  the  radiated  pulse  packet,  and  is 
essentially  in  the  form  of  a  spherical  cap,  rather  than  that  of  a  horizontal  slab. 
Experimental  evidence  (Section  3.3)  suggests  also  that  there  is  not  a  continuum  of  back- 
scattered  echoes,  but  rather  that  layers  exist  in  which  scattering  occurs.  Hence  the 
actual  scattering  volume  is  defined  by  the  intersection  of  a  spherical  cap  with  a  hori¬ 
zontal  layer.  It  is  to  be  noted  that  in  such  a  volume  the  angle  of  propagation  of  the 
scattered  waves,  with  respect  to  the  magnetic  |^leld,  varies  in  practice  from  zero  to  about 
45°.  In  such  volumes  also,  both  the  electron  density  and  the  electron  collision  frequency 
may  change  appreciably  with  altitude,  while  within  the  radial  thickness  defined  by  Or/2  . 
Thus,  in  the  determination  of  cross-sections,  the  volume  averaging  process  is  not  easily 
described  by  an  analytical  expression.  Finally,  Flood  shows  that  four  or  more  planar  dis¬ 
continuities,  within  the  spherical  cap,  give  rise  to  backscattering  cross-sections  which 
are  identical  with  those  of  the  volume  scattering  case. 


4.4  Selection  of  Appropriate  Theory 

In  view  of  the  considerable  increase  in  calculation  entailed  by  the  adoption  of  the 
volume  scattering  hypothesis,  it  is  desirable  that  some  assessment  be  made  in  practice  of 
the  need  to  use  the  latter.  A  test  may  be  made  by  observing  the  effect  of  increase  of 
transmitted  pulse  length.  For  Fresnel  discontinuities,  the  amplitude  of  the  reflected 
pulse  remains  unchanged.  Austin  and  Manson31  (1968)  have  shown  that  this  test  yielded 
results  more  consistent  with  the  concept  of  plane  discontinuities  than  with  that  of  a 
scattering  volume. 

4.5  Physical  Quantities  Involved 

Regardless  of  the  choice  of  scattering  model,  it  is  necessary  to  decide  which  physical 
parameters  are  involved  in  the  determination  of  the  mean  and  perturbed  radio  wave  re¬ 
fractive  index.  Gallet32  (1955)  has  shown  that  the  scattering  which  results  from  fluctuations 
in  the  density  p  of  the  neutral  gas  alone,  is  insufficient  to  account  for  observations. 

The  existence  of  an  electron  density  N  is  basic;  since  a  change  AN  in  electron  density. 
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or  a  change  Av  in  collision  frequency  v  ,  will  then  cause  a  change  An  in  refractive 
index.  The  relative  importance  of  the  perturbations  An  and  Ay  has  been  discussed  by 
several  workers.  Gardner  and  Pawsey4  (1953)  assumed  that  only  perturbations  An  existed 
Piggott  and  Thrane33  (1966)  and  Manson34  (1966)  pointed  out  that  the  inclusion  of  a  term 
Ay  would  modify  the  calculated  values  of  R  ,  the  reflection  coefficient  in  Equation  (1) 
Thx-ane  et  al.  18  (1968)  have  evaluated  the  effect  of  the  ratio 

Ay/V 


upon  the  ratio  Rx/R0  ,  which  is  used  in  the  differential  absorption  experiment.  However, 
they  derived  values  of  a  for  two  special  cases  of  atmospheric  motion,  namely,  adiabatic 
and  isothermal  expansion  of  masses  of  air.  Gregory  and  Manson15  (1968)  re-examined  the 
possible  role  of  these  processes  in  the  atmosphere  and,  after  considering  observational 
evidence,  concluded  that  perturbations  Ay  in  collision  frequency  y  did  not  occur  in 
sufficient  magnitude  to  affect  the  calculated  values  of  R  . 

Thus,  at  present,  theoretical  calculations  concerning  the  magnitudes  of  reflection 
coefficients  may  well  be  based  on  a  simple,  plane  irregularity  model,  with  perturbation 
in  electron  density  only.  For  calculations  concerning  the  height  region  70-85  km,  where 
y  -  a)  ,  the  wave  angular  frequency,  the  Sen  and  lfyller30  (1960)  generalized  magneto-ionic 
theory  is  usually  employed.  This  theory  has  not  yet  received  a  rigorous  test  of  its 
applicability  to  aspects  of  radio  wave  scattering.  Quasi -longitudinal  approximations, 

using  the  generalized  theory,  have  been  utilized  (Belrose  and  Burke30,  1964)  but,  with  the 
availability  of  adequate  computing  facilities,  the  theory  is  now  usually  applied  without 
approximation.  When  the  direction  of  propagation  does  not  coincide  with  that  of  the 
magnetic  field,  coupling  between  the  right-  and  left-hand,  circularly  polarized  waves  takes 
place.  However  Thrane29  (1966)  has  shown  that,  for  conditions  typical  of  the  upper  meso¬ 
sphere,  the  coefficients  of  reflection  which  describe  the  coupling  are  some  three  orders 
of  magnitude  less  than  the  coefficients  for  the  separate  waves,  provided  large  changes  in 
collision  frequency  do  not  occur.  As  discussed  above  this  seems  a  reasonable  assumption. 


5.  RELATION  TO  VHF  FORWARD  SCATTERING 

The  heights  at  which  oblique  forward  scattering  at  VHF  occurs  were  determined  by 
Bailey  et  al.  35  (1955).  and  by  Pineo36  (1956).  Daytime  values  were  in  the  range  fid-86  km, 
while  night  heights  were  generally  between  85  and  90  km.  Gregory37  (1957)  made  a  com¬ 
parison  between  heights  of  vertical  incidence  reflections  at  1.75MHz  and  those  of  forward 
scattering  at  VHF  as  determined  by  Pineo.  These  two  sets  of  data  were  obtained  in  opposite 
hemispheres,  but  the  agreement  was  sufficient  to  suggest  that  the  two  forms  of  scattering 
originated  in  the  same  range  of  altitudes.  No  satisfactory  test  has  been  made  which  would 
show  whether  the  same  volume  of  the  atmosphere  was  simultaneously  capable  of  sustaining 
both  the  forward  and  the  vertical  incidence  scattering;  evidence  is  now  available  which 
shows  that  the  two  forms  have  some  common  seasonal  characteristics.  The  relation  between 
the  scattering  cross-sections  for  the  two  situations  is  not  known.  Bailey  et  al.  35  found 
a  semi-annual  variation  of  noon  signal  intensity  for  a  VHF  path  centred  at  40°N,  in  USA. 
Ellyett  and  Leighton38  (1958)  examined  a  longer  series  of  data  for  the  same  path  and 
found  that  the  same  variation  occurred  throughout  an  eight-year  period  which  included 
sunspot  minimum.  This  variation,  which  includes  one  maximum  in  mid-summer  and  another, 
more  variable  in  epoch,  in  winter,  is  essentially  the  same  as  found  by  Gregory16  (1962) 
for  the  strengths  of  1.75  MHz  noon  partial  reflections,  and  hy  Gregory  and  Manson15  (1968) 
for  noon  electron  densities  (see  Section  7).  In  these  last  two  investigations,  the  semi¬ 
annual  variation  was  strongest  above  80  km.  Thus,  despite  the  uncertainty  of  height 
determination  in  the  oblique  process,  there  is  further  support  for  the  concept  that  the 
main  contribution  to  the  background,  or  non-meteor,  component  of  VHF  scatter  is  in  the 
region  80-90  km  during  daytime.  Since  Ellyett  and  Leighton  showed  that  a  solar  cycle 
effect  was  present  in  the  strength  of  VHF  forward  scatter,  it  is  possible  to  predict  a 
similar  effect  in  the  strength  of  partial  reflections  at  MF  and  most  probably  in  the 
electron  densities  in  the  region  80-90  km. 
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6.  APPLICATIONS  OF  SCATTERING  AND  PARTIAL  REFLECTIONS 

6.1  General 

Three  main,  and  several  minor,  applications  of  radio  wave  backseat te ring  have  been  made 
to  date.  These  include  the  determination  of  electron  densities  below  about  90  km,  using 
measurements  of  differential  absorption,  the  derivation  of  radio-wave  winds,  and  the 
detection  of  solar  proton  influx  at  high  geomagnetic  latitudes.  These  will  now  be  briefly 
described, 

6.2  The  Differential  Absorption  Experiment  (DAE) 

This  experiment  was  developed  by  Gardner  and  Pawsey4  (1953)  and  has  since  been  employed 
by  several  groups  at  a  number  of  latitudes.  The  original  paper  may  be  consulted,  since 
the  experiment  remains  unchanged  in  its  essentials.  The  ratio  of  the  extraordinary  and 
ordinary  wave  reflection  coefficients,  Rx/R0  ,  is  calculated  for  conditions  of  electron 
density  N  much  less  than  critical  (i.e.  n-  1),  and  for  assumed  collision  frequency 
profiles,  v  -  v(h)  .  The  values  of  this  ratio,  as  observed  at  the  ground,  are  modified 
hy  differential  absorption,  for  which  the  Indices  are  kx  and  kQ  .  The  ratio  at  ground, 
Ax/A„  ,  is  measured  for  several  naturally  occurring  reflection  heights,  h2 ,  ht  ,  etc. 

Then  it  may  be  shown  that 

[l°ge(Rx/Rp)  2  ~  l°6e(Rx/fto)J  ~  [loge(Ax/AQ) 2  ~  ^£e^X^o^lj  _  ^ 

2(kx  -  k0)/N(h2  -  h,) 

where  N  is  now  the  mean  electron  density  between  the  heights  h2  and  ht  .  The  experi¬ 
ment  has  been  described  hy  several  workers,  including  Belrose  and  Burke20  (1964).  An 
assessment  of  the  method,  its  accuracy,  and  the  assumptions  Involved,  has  been  given  by 
Gregory  and  Manson21  (1968). 

Using  this  method,  profiles  of  electron  densities  in  disturbed  conditions  (Holt  et  al. 17, 

1962) ,  and  in  undisturbed  conditions  at  various  latitudes  (Belrose  et  al.  39,  1966,  Thrane 
et  al.  ia,  1968,  Gregory  and  Manson15,  1968)  have  been  determined. 

6.3  Rind  Measurements  in  the  Mesosphere 

The  determination  of  motion  in  the  ionosphere  from  observations  of  the  diffraction 
pattern  at  the  ground,  using  three  spaced  receivers,  has  been  described  by  Briggs  et  al. 40 
(1950).  The  method  was  originally  applied  to  reflections  from  E-  and  F-regions.  In  the 
D-region,  and  especially  below  75  km,  the  motion  of  electrons  is  dominated  by  collisions 
with  neutral  particles.  Fraser41  (1968)  utilized  partial  reflections  to  determine  the 
drift  of  diffraction  patterns.  The  method  relies  on  apparatus  of  sufficient  sensitivity 
to  detect  weak  partial  reflections.  The  interpretation  to  be  made  of  the  drift  velocities 
derived  from  measurements  has  been  the  subject  of  much  discussion  (see  for  example,  the 
report  of  the  proceedings  of  St.Gallen  Symposium;  Journal  of  Atmospheric  and  Terrestrial 
Physics,  Vol.30,  May  1968).  However,  Fraser  has  shown  that,  below  100  km,  the  monthly 
mean  zonal  winds  derived  by  this  method  are  in  satisfactory  agreement  with  data  obtained 
by  other  methods. 

6.4  Particle  Influx  Studies 

Partial  reflections,  at  vertical  incidence,  have  been  utilized  by  Gregory16’42  (1962, 

1963)  to  determine  the  time  variations  of  the  Influx  of  solar  protons,  at  high  geomagnetic 
latitudes,  and  to  make  estimates  of  residual  ionization  during  the  polar  winter  night. 

This  application  parallels  the  use  of  VHF  forward  scattering  by  Bailey43  (1959)  for  studies 
of  proton  and  electron  influx  around  and  poleward  of  the  auroral  zone. 
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7.  DYNAMICAL  PROCESSES  IN  THE  ATMOSPHERE 

Hie  uncertainty  which  surrounds  the  origin  of  the  scattering  processes  in  the  atmosphere 
has  been  mentioned  in  Section  I,  and  examples  of  situations  which  may  correspond  to 
turbulent  scattering  have  been  citec.  in  Section  3.3.  Other  observations  tend  to  favour 
the  adoption  of  a  single  irregularity  concept.  However,  the  evidence  that  a  seasonal 
increase  of  scattering  strength  occurs,  in  winter  and  summer,  at  both  MP  (Gregory22,  1907) 
and  at  VHP  (Ellyett  and  Leighton38,  1958,  suggests  that  the  processes  involved  must  be 
closely  related  to  characteristics  of  atmospheric  circulation. 

Similar  evidence  is  available  from  studies  of  irregularities  in  the  lower  ionosphere. 
Fraser  and  Vincent  (private  comnunication)  have  used  three  spaced  receivers  to  measure 
the  sizes  of  ground  diffraction  patterns  for  partially  reflected  MF  waves.  They  have  made 
measurements  of  fading  periods,  and  have  detected  changes  in  phase  path  at  vertical 
incidence.  A  decrease  in  size  of  ground  pattern,  in  time  of  reflections,  and  in  fading 
period,  was  noted  in  both  summer  and  winter.  All  three  changes  are  consistent  with  the 
occurrence  of  more  complex  irregularity  structures  in  sunnier  and  in  winter. 

Gregory  and  Manson15  (1968)  have  reported  results  of  five  years’  observations  of  noon 
electron  densities  below  90  km,  for  a  quiet  sun  period,  at  44°S.  They  derived  mean  pro¬ 
files  for  four  seasons,  and  examined  the  coefficient  of  variation  (standard  deviation/mean) 
in  height  intervals  of  65-79  km,  and  80-88  km.  They  also  examined  the  range  of  values  in 
each  season.  An  increase  was  noted  in  mean  noon  electron  densities,  in  winter  and  spring, 
by  comparison  with  those  in  summer,  between  79  and  88  km.  The  increase  in  values  of 
electron  densities  in  the  same  altitude  interval,  from  fall  to  winter,  coincided  with  the 
period  of  establishment  of  the  winter  eastward  polar  vortex  at  mid-latitudes.  Likewise, 
the  coefficient  of  variation  was  found  to  have  a  maximum  in  winter,  which  varied  with 
altitude,  being  greatest  in  the  region  65  to  69  km. 

The  summer  period  was  characterized  by  low  values  of  electron  density,  particularly  when 
these  were  amended  to  correspond  to  constant  solar  zenith  angle,  and  also  a  decreased 
coefficient  of  variation  at  all  altitudes. 

Gregory  and  Manson  related  these  finds  to  work  by  Bossolasco  and  Elena  (1963)  and 
Gregory  (1965),  which  supports  the  concept  of  interaction  between  the  dynamics  of  the 
atmosphere,  and  the  aeronomy  of  the  lower  ionosphere.  In  particular,  they  showed  that 
the  changes  in  electron  densities  and  in  their  coefficients  of  variation  were  consistent 
with  present  knowledge  of  the  penetration  of  planetary  (A.  ~  10,000  -4000  km)  and  cyclonic 
(A.  ~  4000  -2000  km)  waves,  present  in  the  upper  troposphere  and  ne  stratosphere,  and 
attaining  altitudes  which  are  determined  by  the  existing  mean  wind  profiles  below  approxi¬ 
mately  100  km.  Insufficient  data  existed  to  permit  an  estimate  of  the  effects  of  these 
waves  in  transporting  ionizeable  material,  especially  in  the  region  of  greatest  seasonal 
effects,  estimated  to  be  between  82  and  96  km.  A  comparison  of  temperatures  at  86  km, 
derived  from  radio  wave  winds  at  the  same  location,  and  electron  densities  around  the  same 
altitude,  showed  some  similarities  of  seasonal  trend. 

This  investigation  did  not  demonstrate  how  the  penetration  of  planetary  and  cyclonic 
waves  might  actually  bring  about  an  increase  in  scattering  or  reflection  coefficients, 
such  as  is  observed  at  altitudes  where  the  winter  increase  of  electron  densities  is  not 
large,  e.g.  between  55  and  64  km.  It  remains  to  be  demonstrated  whether  gravity  waves 
(Hines44,  1960)  or  atmospheric  turbulence,  or  both,  can  be  clearly  linked  to  an  alteration 
in  local  conditions  of  wind  flow  below  100  km,  which  might  follow  from  the  passage  of 
major  waves. 
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not  reproducible 


and  again  at  67  km,  stable  reflections  appear.  Prom  74  to  90  km,  a 
weak  scattering  region  is  evident.  Above  90  km.  a  stronger  reflecting 
region  exists.  E-region  can  be  seen  as  a  distinct  region  at  about 
103  km.  (Time  runs  from  left  to  right.) 
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SUMMARY 


Preliminary  results  are  given  from  an  experiment  in  progress  where 
Mitra’ s  method  of  drift  measurements  in  the  ionosphere  is  applied  to  D 
region  partial  reflections.  Measurements  are  taken  at  Lavangsdalen,  a 
low  noise  level  site  near  Tromsei,  Norway. 

Partially  reflected  waves  of  frequency  2.75  MHz  are  received  on  four 
loop  aerials.  The  spacing  between  the  aerials  is  of  the  order  of  one 
wavelength.  The  experimental  apparatus  is  briefly  described.  Tlie  fadings 
are  recorded  on  four-channel  magnetic  tape  and  an  analogue  computer  is 
used  in  the  correlation  analysis. 

Drift  measurements  have  been  made  down  to  60  km.  but  normally  the  re¬ 
flections  come  from  the  region  70  -  100  km. 

Height  profiles  of  electron  density  are  measured  simultaneously  by  the 
technique  (Ref.  1)  due  to  Gardner  and  Pawsey. 

Since  the  observations  have  only  just  begun,  it  is  too  early  to  draw 
any  conclusions  about  seasonal  variations  in  the  D-region  winds,  etc. 

The  purpose  of  the  paper  is  merely  to  show  the  feasibility  of  the 
method. 


DRIFT  MEASUREMENTS  BV  USE  Oi  D-RECION  PARTIAL  REFLECTIONS 


Arne  Haug  and  Olav  Holt 


1.  INTRODUCTION 

This  paper  presents  some  preliminary  results  from  an  experiment  where  the  spaced  re¬ 
ceiver  method  of  drift  measurements  is  applied  to  D-region  partial  reflections. 

The  spaced  receiver  method  has  been  applied  on  a  routine  basis  for  many  years  by  var¬ 
ious  workers.  It  has  mainly  been  used,  however,  for  measurements  in  the  E-  and  F-  region 
and  only  a  few  measurements  have  been  made  in  the  D-region,  for  instance  by  Fraser 72 . 

The  spaced  receiver  method  is  well  known  and  we  shall  only  sum  up  the  method  briefly. 

Time  delays  between  the  fading  of  amplitudes  recorded  by  spaced  antennas  are  interpreted 
as  a  drift  of  a  ground  amplitude  pattern,  related  to  the  diffraction  screen  of  the  re¬ 
flecting  layer.  The  movements  and  structure  of  the  ground  pattern  is,  in  principle,  de¬ 
tectable  by  three  antennas  not  in  a  straight  line  and  is,  in  the  classical  analysis,  assumed 
to  be  simply  related  to  movements  and  structure  in -the  reflecting  screen.  Recently  a 
collection  of  reviews  and  investigations  on  drift  measurements  has  been  published  by  Kaiser 
and  Muller4. 

Observations  of  D-region  drift  by  partial  reflections  started  regularly  in  Tromsd  in 
December  1967.  Measurements  are  now  being  taken  on  one  or  two  days  a  week 

At  least  some  of  the  difficulties  that  arise  in  the  interpretation  of  spaced  receiver 
measurements  in  the  E-  and  F-  region  also  seem  to  occur  in  the  D-region  studies  and  are 
briefly  discussed  in  this  paper. 


2.  EXPERIMENTAL  EQUIPMENT  AND  METHOD  OF  ANALYSIS 

The  present  experiment  is  taking  place  at  Lavangsdalen,  south  of  Tromsd  (69.5°N.  19.3°E) 
The  transmitting  equipment  consists  of  a  pulsed  transmitter  with  50  kW  peak  power  and  12 
horizontal  half-wave  dipoles  arranged  to  give  11  dB  vertical  gain  relative  to  a  single  half 
wave  dipole.  The  frequency  used  is  normally  2.75  MHz.  At  the  receiver  end,  four  crossed- 
loop  aerials,  placed  approximately  one  wavelength  apart,  as  shown  in  Figure  1,  are  used. 

Circularly  polarised  receiving  aerials  have  been  used  to  avoid  polarisation  fading 
between  the  two  magneto- ionic  components.  This  is  important  for  D-region  studies  because 
the  two  partially  reflected  magneto-ionic  components  have  comparable  amplitudes. 

In  theory  three  aerials  are  needed,  but  in  practice  the  consistency  and  reliability  of 
the  method  may  be  checked  continuously  by  using  four  aerials. 

At  the  field  site  the  partial  reflections  are  also  detected  by  a  separate  receiving 
system,  in  order  to  calculate  electron  density  profiles  of  the  D-region  at  the  same  time. 

A  block  diagram  of  the  receiving  and  recording  equipment  for  these  drift  measurements  is 
given  in  Figure  2.  The  signals  from  the  different  antennas  are  fed  through  pre-amplifiers 
into  four  separate  receivers.  A  height-scan  oscilloscope  is  used  to  monitor  the  height 
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interval  of  interest.  A  pate  of  variable  width,  usually  5  km,  is  set  at  the  height  where 
the  partial  echoes  occur,  and  the  signal  amplitudes  within  the  gate  are  recorded  on  four- 
track  magnetic  tape.  A  four-channel  pen  recorder  is  connected  for  visual  display  of  the 
fading  records.  Partial  reflections  of  sufficient  strength  normally  occur  at  2  4  distinct 

heights  in  the  height  range  60  -  100  km.  For  the  full  correlation  analysis,  which  is  carried 
out  by  means  of  an  analogue  computer,  it  is  necessary  to  have  fading  records  of  at  least 
three  minutes  duration  at  each  height.  The  required  auto-  and  cross-correlation  functions 
are  calculated  and  plotted  automatically. 

Figure  3  shows  an  example  of  these  functions  calculated  from  a  three-minute  period  of 
observation.  The  functions  shown  in  the  figure  are  not  normalised. 

The  parameters  required  to  determine  the  drift  are  read  off  from  the  functions  plotted. 

The  final  calculatioi  of  drift  velocity  and  ground  amplitude  pattern  parameters  are  then 
made  by  a  digital  computer  programmed  for  the  classical  procedure  of  spaced  receiver  studies 
(Phillips  and  Spencer5,  Fooks6). 


3.  RESULTS 

Since  the  observations  have  only  just  begun,  it  is  too  early  to  draw  any  definite  conclu¬ 
sions  from  the  records.  At  the  present  stage  we  shall  therefore  only  present  some  examples 
of  the  results.  Figure  4  shows  examples  of  E-W  and  N-S  components  of  drifts  obtained  on 
three  days  in  February,  March  and  May  1968.  The  drifts  have  typical  velocities  of 
10-50  m  sec'1.  Many  records  show  a  change  in  drift  direction  with  height,  with  a  shift  of 
direction  in  the  components  between  90  and  100  km.  The  records  from  22  May  show  a  marked 
change  in  the  height  structure  during  the  2lA-hour  interval  between  the  records.  During 
other  periods  of  measurement  the  drift  at  a  certain  height  has  been  observed  to  be  stable 
during  a  long  time  interval,  as  shown  in  Figure  5.  Both  the  drift  direction  and  magnitude 
at  60  km  height  were  fairly  stable  during  these  two  hours.  Generally,  the  amplitude  pattern 
seems  to  be  elongated  in  the  SE-NW  direction. 

It  was  mentioned  that  four  receiving  aerials  are  used  in  the  experiment,  in  order  to 
check  the  reliability  and  accuracy  of  the  method.  From  the  four  aerials,  three  different 
triangles  are  obtained.  The  correlation  functions  illustrated  in  Figure  3  give  drift 
velocities  for  the  three  triangles  that  agree  within  1%  from  the  mean.  The  drift  directions 
agree  within  ±15°.  Figure  6  shows  correlation  functions  from  a  period  earlier  the  same  day 
at  95  km  height.  In  this  case  the  velocities  agree  within  \1%  and  directions  within  +35°. 

It  is  tempting  to  connect  this  larger  spread  in  the  results  to  the  fact  that  the  cross¬ 
correlation  functions  for  this  period  are  more  asymmetric,  which  may  again  be  attributed  to 
a  velocity  dispersion  of  fading  frequency  components.  This  will  be  discussed  later. 

In  the  analogue  computations,  the  frequency  spectrum  of  the  amplitude  fading  is  also 
plotted  for  the  different  receiver  channels.  In  order  to  resolve  the  lowest  part  of  the 
frequency  spectrum,  a  few  records  of  20-minutes  duration  have  been  made.  Figure  7  shows 
the  amplitude  spectrum  for  a  record  of  echoes  from  90  km  height.  In  addition  to  the  original 
spectrum  plot,  a  smooth  line  has  been  drawn. 

Several  authors  have  suggested  that  velocity  dispersion  may  take  place  in  the  drift,  i.e. 
that  the  observed  fading  pattern  results  from  a  number  of  frequency  components  travelling 
with  different  velocities  (Downe  and  Maude7,  Jones  and  Maude8,  Briggs  and  Golley9).  Some 
of  the  results  suggest  a  dispersion  relation  where  the  phase  velocity  is  proportional  to 
frequency.  TTiis  means  that  the  phase  difference,  <f>,  between  two  points  on  the  ground  is  the 
same  for  all  frequencies 

Using  the  fading  frequency  spectrum  of  Figure  7  (solid  line),  and  the  assumption  that  the 
phase  velocity  is  proportional  to  frequency,  the  cross-correlation  functions  have  been  cal¬ 
culated  for  different  values  of  the  phase  difference  <t.  The  results  from  this  calculation  is 


shown  in  Figure  8.  Curves  for  180°  <  />  <  860°  may  he  obtained  from  a  mirror  image  of  the 
curves  in  the  figure. 

Apparent  time  delays  may  thus  be  due  to  dispersion  effects.  According  to  correlation 
theory  cross-correlation  functions  have  the  same  overall  shape  as  the  auto-correlation 
functions  but  have  lower  correlation  values  and  may  be  time-displaced.  However,  in  the 
results,  functions  with  asymmetric  shapes,  which  deviate  appreciably  from  the  shape  of  the 
auto-correlation  functions,  are  often  observed. 

In  the  analysis,  we  have  found  examples  of  functions  with  shapes  very  similar  to  those 
shown  in  Figure  8.  The  idea  of  dispersion  seems  thus  to  be  a  fruitful  approach  to  explain 
some  of  the  observed  correlation  functions.  It  has  been  suggested  to  use  the  skewness  of 
the  functions  to  separate  the  records  which  cannot  be  analysed  by  the  normal  method  (Briggs 
and  Golley9).  Hie  apparent  dispersion  may  be  due  to  velocity  gradients  in  the  finite  height 
interval  which  is  observed,  to  oblique  reflections  from  lower  heights  where  the  drift 
velocities  may  be  different,  or  to  real  dispersion  at  a  certain  height,  i.e.  moving 
turbulence  or  waves  with  different  velocities. 


4.  CONCLUSIONS 

From  the  preliminary  results  obtained  in  this  experiment  it  is  seen  that  the  classical 
drift  analysis  is  not  applicable  for  all  records.  A  necessary,  but  possibly  not  sufficient, 
criterion  for  the  exclusion  of  records  may  be  a  measure  of  skewness  of  the  cross-correlation 
functions.  The  idea  of  velocity  dispersion  of  fading  frequency  components  seems  to  be  a 
fruitful  approach  to  explain  the  asymmetric  correlation  functions. 
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ANTENNA  CONFIGURATION 


Fig. 1.  Configuration  of  receiving  aerials 


Fig. 2.  Block  diagrams  of  receiving  and  recording  equipment 


Fig.  4,  E-W  and  N-S  components  of  drift  velocities  obtained  on  three  days  in  February, 

March  and  May  1968 


DRIFT  msec'1  DEGREES  EAST  OF  NORTH 


AMPLITUDE  RELATIVE  SCALE 


DISCUSSION  ON  THE  PAPERS  PRESENTED  IN  SESSION  IV 
( D-REGION  PARTIAL  REFLECTIONS). 
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Discussion  on  Paper  28:  "Radio  wave  scattering  from  the  ionospheric  D-region”, 
by  J .B. Gregory . 


Dr  J.Ramasastry:  I  should  like  to  ask  Dr  Gregory  if  the  transport  mechanism  he  mentioned 
is  strong  enough  to  produce  any  measurable  electric  fields;  in  other  words,  is  a  dynamo 
action  important  in  the  D-region? 

Dr  J.B.  Gregory:  The  region  between  75  and  100  km  is  a  mixed  one,  in  which  collisions  still 
determine  the  mean  motion  of  the  electrons.  Therefore  a  dynamo  action  should  not  be  of 
importance. 

Dr  K.  Davies:  A  planetary  wave  can  only  redistribute  (not  create)  ionization.  Can  you 
expand  on  this  point? 

Dr  J.B. Gregory:  The  concept  of  a  wave  does  indeed  imply  a  redistribution,  e.  g. ,  of  the 
overhead  mass  of  air.  Thus,  locally,  a  redistribution  of  ionizable  constituents  may  be 
expected.  If  electrons  could  be  considered  a  conservative  property  of  the  atmosphere, 
they  would  be  similarly  redistributed.  Thus  a  travelling  wave  creates  a  time  variation, 
at  one  location,  of  these  quantities.  The  observations  show  the  existence  of  such  time 
variations. 

Dr  E. V. Thrane:  How  does  the  seasonal  variation  in  the  northern  hemisphere,  as  observed 
for  example  by  Belrose,  Bode  and  Hewitt  (Radio  Science  Journal  of  Research,  Vo  1. 68D,  1964, 
p.  1319) ,  compare  with  your  measurements  in  the  southern  hemisphere?  Off- vertical 
reflections  impose  a  limitation  on  the  interpretation  of  the  partial  reflection  data.  At 
which  height  do  you  feel  that  such  reflections  become  important  in  your  experiments? 

Dr  J.B. Gregory:  From  measurements  of  MF  absorption  at  two  northern  and  two  southern  mid¬ 
latitudes,  we  are  able  to  show  a  common  seasonal  variation.  We  have  reworked  electron 
density  data  published  by  Belrose,  and  find  the  same  increase  in  mean  electron  densities, 
80-86  km,  in  winter  at  Ottawa  (45°N)  as  exists  as  Christchurch  (44°S).  In  answer  to  your 
second  question,  our  technique  of  measuring  the  ratio  Ax/A0  required  that  the  two  re¬ 
flections  show  dependent  fading.  This  requirement  was  usually  not  satisfied  above  90-95  km, 
indicating  that  oblique  echoes  were  piesent  at  these  altitudes.  Our  data  were  limited  to 
altitudes  below  90  km  for  this  reason. 


Discussion  on  Paper  29:  "Drift  measurements  by  use  of  D-region  partial  reflections”,  by 
O.Holt  and  A.Haug  ( presented  by  A.Haug ) 

Dr  E.N. Brantley:  Are  the  drift  speeds  you  quoted,  Mr  Haug,  those  of  the  ground  diffraction 
pattern,  or  have  they  been  divided  by  two  to  give  the  ionospheric  drift  speed? 

Mr  A.Haug:  The  drift  speeds  have  been  divided  by  two.  It  should  perhaps  be  mentioned  that 
there  has  been  some  discussion  in  the  literature  recently  about  whether  the  simple  geometric 
model  that  gives  the  factor  of  two  is  correct. 
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SUMMARY 


Scattering  of  radio  waves  by  density  fluctuations  of  free  electrons 
(Thomson  scatter)  in  the  upper  region  of  the  ionosphere  offers  possibilities 
for  long  distance  communication  in  the  VHF  and  UHF  bands. 

While  high  transmitter  power  and  large  antennas  would  be  required,  the 
communication  capacity  of  this  propagation  mode  would  decrease  only  3lowly 
with  distance  for  path  lengths  up  to  about  4000  km.  A  wide  range  of 
frequencies  could  be  used,  with  the  100  to  1000  MHz  range  being  the  most 
likely  for  practical  application. 

In  Thomson  scatter,  a  Doppler  spreading  of  the  transmitted  spectra  occurs 
as  a  result  of  the  thermal  motion  of  the  ions  which  constrain  the  electrons 
in  the  scattering  volume.  The  noise- like  nature  of  the  received  signal  would 
preclude  the  use  of  conventional  modulation  and  detection  techniques.  Instead, 
the  use  of  incoherent  communications  techniques  involving  frequency  shift 
and/or  pulse  position  modulated  transmission  and  simple  power  observation 
(radiometer)  in  the  receiving  process  would  be  necessary. 
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THOMSON  SCATTER  AS  A  COMMUNICATION  MODE 

Allen  M.  Peterson 


1.  INTRODUCTION 

All  charged  particles  are  capable  of  scattering  electromagnetic  waves  as  shown  first 
by  J.J.  Thomson1  in  1906.  Gordon2,  in  1958,  was  the  first  to  suggest  that  radar  technology 
had  advanced  to  the  point  that  it  should  be  possible  to  observe  "Thomson”  scattering  by 
free  electrons  in  the  ionosphere.  He  suggested  that  the  total  echo  power  should  be  equal 
to  the  echo  power  from  a  single  electron  multiplied  by  the  number  of  electrons,  and  the 
spectrum  should  have  a  Gaussian  shape  with  a  characteristic  width  determined  by  the 
thermal  motion  of  the  electrons. 

That  same  year,  Bowles3,  using  a  50-MHz  radar,  detected  a  scatter  signal  from  the 
ionosphere  of  about  the  predicted  intensity  but  with  much  narrower  spectrum.  Bowles4 
suggested  that  the  narrow  spectrum  resulted  from  the  fact  that  the  electrons  are 
constrained  in  their  motion  by  the  ions,  so  that  the  spectral  width  should  correspond 
to  the  ion  motion  for  all  radio  wavelengths,  long  compared  to  the  Debye  shielding  distance 
of  the  ions.  He  also  argued  that  the  echo  spectrum  should  show  amplitude  modulation 
corresponding  to  the  ionic  gyrofrequencies  and  their  multiples  whenever  the  incident  and 
scattered  rays  make  equal  angles  with  the  earth’s  magnetic  field. 

Detailed  and  continuing  theoretical  studies  of  Thomson  scattering  from  the  ionosphere 
have  been  carried  out  by  many  people,  including  the  following:  Dougherty  and  Farley5,6; 
Farley7,8;  Fejer9'10;  Hagfors11;  Moorcroft12,13;  Perkins  and  Salpeter14;  Renau15; 
Rosenbluth  and  Rostoker16;  and  Salpeter17.  A  very  readable  and  thorough  discussion  of 
this  work  is  contained  in  a  recent  report  by  Evans18. 

Since  the  original  experiments  by  Bowles,  a  number  of  radar  systems  have  been  designed 
specifically  for  Thomson  scatter  studies  of  the  ionosphere  and  lower  magnetosphere. 

Listed  in  Table  I  are  the  major  radar  facilities  that  have  been  constructed  for  such 
studies.  This  table  also  lists  the  parameters  of  these  facilities. 

The  facilities  indicated  in  Table  I  have  permitted  a  wide  variety  of  important  studies 
of  the  ionosphere  and  lower  magnetosphere,  including  (i)  the  measurement  of  electron 
densities  to  heights  of  several  thousand  km,  (ii)  the  measurement  of  ionospheric  electron 
and  ion  temperatures,  and  (iii)  the  measurement  of  winds  and  travelling  ionospheric 
disturbances.  Discussion  of  Thomson  scatter  observations  may  be  found  in  the  following 
papers  and  reports:  Bowles19;  Carlson  and  Gordon20:  Evans18;  Evans  and  Lowenthal2 *; 
Farley22;  Petit  and  Reyssat23. 

Based  on  theory  and  radar  observations,  it  appears  that  Thomson  scattering  of  radio 
signals  can  provide  a  useful  propagation  mode  for  long-distance  communication  in  VHF  and 
UHF  bands.  The  scattering  region  of  most  importance  for  communication  purposes  will  be 
the  ionosphere  near  the  maximum  electron  density  portion  of  the  F-region.  Though  the 
communication  capacity  would  be  limited  and  large  antennas  and  high  powers  would  be 
required,  the  capacity  should  decrease  slowly  with  increasing  distance  to  about  4000  km. 

A  wide  band  of  frequencies  should  be  usable,  with  100  to  1000  MHz  being  fhe  most  likely 
region  for  application. 
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2.  SCATTERED  POWER  AND  CHANNEL  CHARACTERISTICS 

The  Thomson  scatter  radar  cross-section  for  a  free  electron  is  given  by  the  expression 


crfi  =  47r(he  sin0)2  =  10"28  sin2i/<  m2  ,  (1) 

where  the  classical  electron  radius  re  =  e2/mec2  ,  and  \p  is  the  polarization  angle, 
i.e.  the  angle  between  the  direction  of  the  incident  electric  field  and  the  direction  to 
the  observer.  The  sin  term  enters  because  the  scattering  polar  diagram  of  each  excited 
electron  is  similar  to  that  of  a  Hertzian  dipole.  As  mentioned  earlier,  electrons  in 
the  ionosphere  are  constrained  in  their  motion  by  the  ions,  and  as  a  result  the  observed 
radar  cross-section  a  differs  in  a  number  of  ways  from  cre  given  by  Equation(l).  The 
following  approximation  for  the  radar  cross-section  was  obtained  by  Buneman24  for  the 
case  in  which  Te>Tj  in  the  ionosphere: 


where 


for  Te/Tl  $  3  , 


(2) 


D  =  (477  N  e2/me)1/2  ,  the  Debye  length 

N  =  election  denoity 
e  =  electron  charge 

m  =  electron  mass 
e 

Te  =  electron  temperature 

TA  =  ion  temperature 
k  =  radio  wavelength. 


When  (477D/A.)  <  l,  the  spectrum  width  is  proportional  to  thermal  velocity  of  the  ions  and, 
when  (4ttDA)  »  1,  the  width  is  proportional  to  the  thermal  velocity  of  the  electrons. 
With  present  experimental  radars,  it  is  not  possible  to  detect  signals  when  (4ttDA)  >  1. 
This  situation  would  also  prevail  for  communication  purposes.  It  is,  therefore,  important 
to  choose  an  operating  wavelength  k  for  which  (477DA)  «  1.  Under  this  constraint,  the 
radar  cross-section  can  be  represented  by  the  following  simplified  equation: 


a 


for  Tg/Tj  <  3  . 


(3) 


Using  cr  ,  as  given  by  Equation  (3),  and  assuming  a  communication  path  geometry  as  shown 
in  Figure  1,  the  ratio  of  received  signal-power  to  noise- power  can  be  written 


S 

N 


(4) 


\ 


where 


•  v.r 
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K  =  1.38  x  10"23  (Boltzmann  constant) 

Tft  =  Tc  +  Tr  ,  where  Tc  Is  the  effective  antenna  temperature,  determined  primarily 
by  cosiiiic  noise,  and  TR  is  the  receiver  noise  temperature  (°K) 

B  =  receiver  bandwidth  in  Hz,  assumed  equal  to  or  greater  than  the  bandwidth  (Bg)  of 
the  scatter  signal. 

Pt  =  transmitted  power  (watts) 

Gt  =  transmitting  antenna  gain  over  an  isotropic  radiator 
Rj  =  range  from  transmitter  to  scattering  volume  (m) 

R2  =  range  from  scattering  volume  to  receiver  (m) 

V  =  scattering  volume,  i.e. ,  volume  common  to  transmitting  and  receiving  antenna 
beams  (m3) 

n  =  electron  density  in  scattering  volume  (electrons/m3) 

Aj.  =  aperture  of  receiving  antenna  (m2). 


In  the  Thomson  scatter  process,  Doppler  spreading  of  the  signal  occurs  as  a  result  of 
the  thermal  motions  of  the  ions  in  the  scattering  region.  A  continuous- wave  single¬ 
frequency  transmission  will  be  received  as  a  noise-like  signal  with  bandwidth  Bg  .  Based 
on  the  work  of  Fejer10  and  Moorcroft12,  the  following  approximation  for  the  bandwidth 
may  be  written  for  the  communication  path  geometry  as 

4cos0  / / 2KT i  \ 

B- =  —  VlTV  • 


where 

0  =  half  the  included  angle  between  the  rays  from  the  scattering  volume  to  the 

transmitter  and  receiver. 

k  =  radio  wavelength  (m) 

Tj  =  ion  temperature  (°K) 

mt  =  ionic  mass. 

In  the  F  region  of  the  ionosphere,  which  is  of  primary  importance  for  communication 
purposes,  the  dominant  ion  is  0*  .  Based  on  this, 


240 


/(Tj) 


\ 


COS  0 


(6) 


For  forward  scatter,  consider  the  case  of  identical  transmitting  and  receiving  antennas 
of  height  H,  and  width  W.  The  use  of  identical  transmitting  and  receiving  antennas  is 
indicated  by  scattering  volume  considerations.  Since  the  useful  scattering  volume  is  that 
common  to  the  two  antenna  beams,  if  the  lobe  patterns  of  the  antennas  do  not  match,  power 
and  system  sensitivity  are  wasted.  For  simplicity,  also  assume  Rt  =  R?  =  R  and  use 
the  following  relationships: 

Gt  =  4ttAA2  -  4777}  Aq  /  k2 

fi  ~  A./H  radians  (half  power  vertical  beamwidth) 

V  =  k/ W  radians  (half  power  vertical  beamwidth) 
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A0  =  m  (m2) 


Using  these  relationships,  the  received  signal-to-noise  ratio  can  be  written  from  Equation 
(5)  as 


S  PtT)2Vtnak 

N  "  1277  KTaBgR  sin  2 0  ' 


(8) 


Equation  (8)  shows  that  the  signal-to-noise  ratio  is  inversely  proportional  to  range  to 
the  first  power,  not  1/R4  as  in  the  conventional  radar  equation.  Thus,  the  path  length 
has  only  a  small  effect  on  the  system  sensitivity.  Also,  S/N  is  proportional  to  antenna 
width, but,  to  a  first  approximation,  is  independent  of  antenna  height.  Thus,  to  increase 
signal-to-noise  ratio  for  a  given  total  antenna  area,  W  should  oe  made  as  large  as  possible. 
Fortunately,  an  antenna  with  large  width  and  small  height  is  the  easiest  type  to  fabricate. 
However,  H  must  be  large  enough  to  provide  a  vertical  beamwidth  (/3  =  \/H)  which  is  narrow 
enough  to  confine  the  vertical  extent  of  the  scattering  volume  to  the  high  electron  density 
part  of  the  F-region.  Thus,  for  a  scattering  volume  200  km  in  vertical  extent,  and  for  a 
long  transmission  path  (2R  =  4000  km),  the  vertical  beamwidth  must  be  limited  to  fi  ~  0. 1 
radian.  This  requires  that  H  ^  10A.  .  More  detailed  calculations,  based  on  realistic 
ionospheric  electron  density  profiles,  have  confirmed  that  optimum  antenna  vertical 
dimensions  will  be  in  the  10\  to  15^  region. 


A  signal  transmitted  over  an  electron  scatter  communications  path  will  not  only  be 
spread  in  frequency  but  also  in  time.  Because  the  signal  is  propagated  by  volume 
scattering,  a  time  delay  exists  between  energy  scattered  from  different  regions  of  the 
volume.  The  maximum  multipath  distance  is  given  by 


2R/3  2RX 

AR  =  -  -  - -  m  . 

tan  0  H  tan  0 


The  multipath  time  delay  is 


Tmult 


AR 

~~C 


2R\ 

- —  sec  . 

CH  tan  0 


(9) 


(10) 


The  size  of  the  scattering  volume  also  places  a  constraint  on  the  minimum  pulse  width  to 
be  used  in  a  pulsed  transmission  system  or  since  the  transmitted  pulse  must  fill  the  common 
volume  in  order  for  the  calculated  S/N  to  be  realized.  The  minimum  pulse  width  is 
found  to  be 

RB  R\ 

t  .  =  —  tan  0  =  —  tan  0  sec  .  (11) 

iln  C  CH 


3.  COMMUNICATION  TECHNIQUES 

The  noise- like  nature  of  the  Thomson  scatter  would  preclude  the  use  of  conventional 
modulation  and  detection  techniques.  Instead,  the  use  of  incoherent  communication  techniques 
involving  frequency  shift  and/or  pulse  position  modulated  transmission  and  simple  power 
observation  in  the  reception  process  would  be  necessary. 
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The  incoherent  channel  involves  received  signal  energy  determination  following 
appropriate  frequency  filtering  and  time  gating  to  minimize  the  additive  noise  background. 
The  predetection  filter  should  have  a  bandwidth  equal  to  the  spectrum  spread  Bg  ,  since 
additional  bandwidth  adds  only  noise  and  not  signal  power.  Frequency  shifts  for  information 
encoding  must  be  at  least  as  large  as  Bg  ,  plus  the  bandwidth  of  the  transmitted  pulse. 
Similarly,  pulse-position  shifts  should  be  as  large  as  the  duration  of  the  transmitted 
pulse,  plus  any  multipath  delay  time  Tmult  .  By  using  m  possible  pulse  positions 
consisting  of  mf  frequency- shift  positions  and  mt  time  positions,  it  is  possible  to 
encode  log2  (m)  bits  of  information  for  each  transmitted  pulse.  This  “large  alphabet", 
or  multiple-bit  encoding,  can  markedly  increase  the  transmitted  information  rate  under 
conditions  in  which  either  extra  frequency  positions  or  extra  pulse  time  positions  are 
available.  Extra  pulse  positions  will  not  ordinarily  be  available,  except  where  high 
peak-power,  low  average-power  transmissions  are  utilized.  Extra  frequency  positions  can, 
in  principle,  always  be  used  provided  frequency  allocations  permit  the  extra  total  band¬ 
width. 

For  Gaussian  distribution  of  amplitude  fading,  the  envelope  of  the  amplitude  is 
characterized  by  a  Rayleigh  distribution.  If  our  communication  system  consisted  of  two 
channels,  we  would  determine  the  state  of  the  message  by  simply  comparing  the  energy  levels 
in  the  two  channels.  The  means  of  the  envelope  distributions  in  the  two  channels  would  be 
separatetFby  (S  +  N)/N  dB.  Hence,  we  would  determine  the  error  rate  by  calculating  the 
fraction  of  time  the  channel  containing  noise  only  would  exceed  that  containing  noise 
plus  signal.  This  can  be  accomplished  by  evaluating  the  appropriate  integrals, 


error  rate 


j>>  /; 


p(y)  dydx 


p(x)[l-Px(y)J 


dx  , 


(12) 


where 

p(y)  is  the  probability  density  function  of  the  noise  channel, 
p(x)  is  the  probability  density  function  of  the  signal  noise  channel, 

px(y)  =  P(y)  dy  , 

and  the  ratio  of  the  means  of  p(x)  tand  p(y)  indicates  the  S/N  ratio. 

The  error  rate  can  be  evaluated  for  various  S/N.  For  an  alphabet  size  (m)  greater  than 
two,  the  error  rate  would  be  approximately  (m-1)  times  the  fraction  of  time  N  >  (S  +  N). 

In  deriving  expressions  for  error  rate,  it  is  useful  to  represent  received  signal  and 
noise  energies  by  sums  of  instaneous  power  observations  taken  at  intervals  separated  in 
time  by  1/Bg  .  When  the  bandwidth  is  Bg  ,  sampling  at  intervals  of  1/Bg  yields 
independent  or  uncorrelated  samples  of  noise  or  noise-like  signal.  If  the  signal  pulse 
interval  is  of  duration  r  ,  then  there  are  d  =  rBg  samples  of  signal  and  noise  which 
can  be  summed  or  averaged  to  increase  the  probability  that  a  signal  has  been  observed. 

For  high  signal-to-noise  ratios,  fewer  independent  samples  need  be  averaged  to  reduce  the 
error  rate  to  a  given  level  than  for  low  signal-to-noise  ratios.  Hence,  shorter  duration 
signal  pulses  can  be  used  at  high  signal-to-noise  ratios  than  at  low.  Of  course,  high 
signal-to-noise  ratios  imply  high  transmitter  power  levels  and  hence  may  be  eithe^ 
impossible  to  achieve  or  inefficient  in  the  use  of  power. 

Figure  2  shows  the  results  of  calculation*  of  two  channel  error  rate  (percent  of  time 
noise  exceeds  signal  plus  noise)  as  a  function  of  the  received  signal-to-noise  ratio, 
with  order  of  diversity  d  =  rBg  as  a  parameter.  The  curves  of  Figure  2  can  be  used 
to  estimate  the  performance  of  Thomson  scatter  signals  after  having  calculated  the  signal- 
to-noise  ratio  from  Equation  (8),  and  the  scatter  bandwidth  Bg  from  Equation  (6).  Minimum 
possible  signal  diversity  d  =  rBg  would  occur  if  a  pulse  length  rnin  (Equation  (11)) 
were  utilized  for  transmission.  For  this  case,  the  received  pulse  length  would  be 
T  =  Tmin  +  Tmult  •  If>  for  error-rate  considerations,  a  larger  order  of  diversity  were 
required,  longer  duration  transmitted  pulses  would  be  utilized. 


*  Private  communication  from  J.Petrlceks  and  M. Baron  of  Stanford  Research  Institute. 
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Analyses  by  Harris26  and  Kennedy  and  Lebow26  have  determined  thut  optimal  system 
performance,  as  Indicated  by  the  minimum  value  of  the  ratio  Eb/N0  ,  occurs  when  the 
signal-to-noise  ratio  is  approximately  three.  Eb.  is  the  energy  per  bit  of  information 
transmitted,  and  N0  is  the  noise  power  per  unit  bandwidth  (Hz),  /or  a  given  pulse 
transmission  system 


N0  N0log2(m) 

Sd 

^  _ 

B8N0log2(m) 

d(S/N) 

log2(m) 


(13) 


In  practice,  for  optimal  performance,  the  transmitter  power  and  pulse  length  would  be 
adjusted  so  that  received  (S/N)  =  3  would  provide  the  required  error  rate  E  for  a  given 
alphabet  size  m  .  System  operation  at  higher  or  lower  signal-to-noise  ratios  would  require 
higher  peak  power  or  longer  pulses  which  would  result  in  higher  than  optimum  values  of 
Eb/NQ  ,  i.e.  require  more  energy  per  transmitted  information.  S/N  3  represents  an 
optimum  choice  of  diversity  in  combatting  the  combined  effects  of  receiver  noise  fluctuations 
and  scatter  signal  fluctuations.  Operation  at  signal-to-noise  ratios  in  the  range  between 
one  and  ten  will  ordinarily  prove  satisfactory  and  will  increase  the  required  energy  by 
less  than  a  factor  of  two  from  the  optimum  value. 


As  an  example  of  a  possible  communication  application  of  Thomson  scatter,  consider  its 
use  for  teletype  transmissions.  One  60-word-per-minute  teletype  channel  requires  a 
30-bit-per- second  information  rate.  For  illustrative  purposes,  assume  an  error  rate 
e  =  10" 3  is  required,  and  the  following  system  parameters  are  chosen: 

k  =  1  m 

w  =  100  m 

n  =  1012  electrons/m2 

VTi  =  1 

Tj  =  1500°K 

Ta  =  100\2’3  =  100°K 

R  =  2000  km. 


From  Equations  (3),  (6),  and  (8).  we  find  that 

B.  -  3  x  103  Hz 

5 

S/N  =  Pt772  x  10' 4  . 

Now,  if  we  assume  r\ 2  =  0. 3 ,  and  S/N  =  3 ,  we  obtain 

Pt  =  105  watts. 

Using  Figure  2  for  a  single  teletype  circuit  (m  =  2),  an  error  rate  of  e  =  0.  1%  and 
S/N  =  3  requires  that  the  diversity  d  =  16  .  From  the  relationship  d  =  rBg  we  obtain 
the  required  pulse  length 

d  16  , 

t  -  —  =  - -  =  5.3  x  10  sec. 

Bg  3  x  103 
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For  single-channel  60-wpm  teletype  and  the  assumed  system  parameters,  30-pulses-per- second 
are  required,  of  peak  power  10s  watts  each,  pulse  of  duration  5.3  milliseconds.  If  a 
continuous  duty  transmitter  of  105  watts  were  available,  a  much  higher  bit  rate  would  be 
possible,  approximately  180  bits/sec,  or  the  equivalent  of  six  60-wpm  teletype  circuits. 
Alternatively,  S/N  might  be  reduced  from  optimum  and  the  pulse  length  increased  (hence 
increasing  d)  to  allow  a  single  teletype  channel  at  reduced  peak  power. 


A  more  attractive  alternative  might  be  to  increase  the  alphabet  to  size  m  to  increase 
the  communication  rate.  For  example,  if  m  =  16  ,  each  pulse  will  encode  log2(16)  =  4 
bits  of  information.  For  m  =  16  ,  the  error  rates  portrayed  in  Figure  2  are  increased 
by  a  factor  (m-1)  =  15.  For  optimum  system  performance  (S/N  =  3)  ,  the  diversity  d 
must  be  increased  to  about  d  -  23  ,  requiring  an  increase  in  pulse  length  to 
t  =  d/Bs  =  23/(3  x  103)  '  7.7  x  10  3  seconds.  Since  each  pulse  encodes  four  bits,  a  105 
watt  transmitter  would  be  able  to  transmit  approximately  500  bits/sec,  equivalent  to 
sixteen  teletype  channels. 

It  should  be  noted  that  these  calculations  are  based  on  the  most  favorable  assumptions 
of  electron  density  n  ,  and  receiving  antenna  noise  temperature  T„  .  The  electron 

a 

density  in  the  scattering  region  might,  at  times,  be  as  much  as  a  factor  of  ten  lower  than 
the  assumed  1012  electrons/m2.  The  assumed  antenna  temperature,  Ta  =  100°K  ,  might  not 
be  realizable,  particularly  at  the  low- look  angles  required  for  the  longest  transmission 
paths  for  which  sidelobe  illumination  of  the  warm  ground  may  be  unavoidable.  These  factors 
would  require  correspondingly  higher  powers  to  be  utilized  if  the  rates  given  are  to  be 
maintained  or,  alternatively,  the  transmission  rates  must  be  reduced. 
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TABLE  1 

Parueteri  of  Exiatini  Thomson  Scatter  Radara 


INCOHERENT  SCATTER  OBSERVATIONS  OP  THE  E-REGION 

by 

G.  N.  Taylor 

Royal  Radar  Establishment, 

Malvern,  Worcestershire,  England 


SUMMARY 


TCie  method  of  measuring  profiles  of  electron  concentration  Ng  versus 
height  in  the  lower  ionosphere  with  a  pulsed  incoherent  scatter  radar  is 
described.  The  lowest  measurable  Ng  is  determined  partly  by  equipment 
sensitivity  and  partly  by  the  plasma  Debye  length  becoming  comparable  with 
the  radar  wavelength.  Incoherent  scatter  yields  good  E-region  profiles  in 
conditions  which  defeat  the  ionosonde,  e.g.  at  night-time,  during  blanketing 
E„  or  high  absorption,  and  when  N„  is  not  increasing  monotonically  with 
height.  It  also  gives  much  better  temporal  coverage  than  sounding  rockets. 
Some  typical  mid-latitude  summer  profiles  for  both  night-time  and  day-time 
are  presented.  Plots  of  the  heights  of  well-defined  peaks  against  time 
illustrate  the  relative  stability  of  the  normal-  and  sporadic -E  peaks,  and 
the  large  number  of  abnormal  propagation  modes  that  can  exist  for  short 
periods. 
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INCOHERENT  SCATTER  OBSERVATIONS  OF  THE  E-REGION 

G.  N.  Taylor 


1.  INTRODUCTION 

Hie  technique  of  incoherent  scattering  has  been  extensively  used  for  obtaining  information 
about  the  charged  particle  concentrations  and  temperatures  in  the  ionospheric  F-region1, 
and  has  also  recently  begun  to  be  used  in  the  E-region.  The  results  presented  here  are 
concerned  with  the  detailed  structure  and  variability  of  the  electron  concentration  profile 
between  90  and  170  km  altitude  at  a  mid-latitude  station  in  summer.  The  information  about 
stratification,  time  variations  and  night-time  profiles  is  more  detailed  and  complete  than 
that  given  by  other  techniques,  and  would  be  suitable  for  precise  calculations  of  absorption, 
group  delay  and  propagation  modes  in  communication  systems. 


2.  APPLICATION  OF  PULSED  INCOHERENT  SCATTER  RADAR  TO  THE  E-REGION 


The  mechanism  of  scattering,  which  is  essentially  caused  by  thermal  fluctuations  of 
refractive  index  in  the  plasma,  has  been  extensively  discussed  in  the  literature2 • 3 • 4  and 
it  is  sufficient  here  to  quote  a  simplified  equation  giving  the  received  signal -to-noise 
power  ratio,  7)  ,  for  a  vertically  looking  radar  system: 


PtANctt 

K  T  .  e- . 

R2TB 


(1) 


Here  P?  is  the  pe'.k  transmitted  power,  A  is  the  effective  area  of  the  receiving 
aerial,  Ne  is  the  electron  concentration,  R  is  the  range  (the  same  as  the  height,  h, 
in  this  case),  T  is  the  system  noise  temperature,  B  is  the  receiver  bandwidth,  r  is 
the  pulse  duration,  cr  is  the  scattering  cross-section  per  electron  and  K  is  a  constant 
For  the  normal  mode  of  scattering,  in  which  the  signal  spectrum  is  broadened  by  an  amount 
characteristic  of  the  thermal  velocities  of  the  ions, 


where  <?e  is  the  Thomson  electron  scattering  cross-section  and  Te  ,  Tj  are  the  electron 
and  ion  temperatures  respectively. 


Equation  (2)  holds  true5  as  long  as 


\0  »  477 A.  D  ,  (3) 

where  K  is  the  radar  wavelength  and  \D  is  the  Debye  length  in  the  plasma,  proportional 
to  (Tg/Ng)1  2  .  When  \  <  477\D  ,  a  significant  proportion  of  the  scattered  power 
originates  from  the  classical  Thomson  process,  with  a  spectral  spread  corresponding  to  the 
thermal  velocities  of  the  electrons  rather  than  the  ions.  Because  of  its  broad  bandwidth, 
this  "electronic”  component  of  the  scatter  signal  is  effectively  lost,  and  thus  a  is 
reduced  below  the  value  given  by  Equation  (2).  This  situation,  which  occurs  both  at  low 
heights,  in  the  D-region,  and  at  great  heights,  around  2000  km,  determines  the  region  of 
the  ionosphere  from  which  it  is  possible  to  get  useful  information  by  the  incoherent 
scattering  technique  for  a  given  kQ  .  it  is  assumed  that  the  occurrence  of  collisions 
between  electrons  and  heavy  particles  has  no  effect  on  u  (Ref.  4). 
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For  E-region  observations,  r  and  B  in  Equation  (1)  must  be  chosen  so  that  adequate 
height  resolution  is  achieved.  In  general,  a  radar  pulse  length  not  greater  than  the 
plasma  scale  height  is  used;  if  very  fine  structure  such  as  that  of  sporadic-type  layers 
is  to  be  resolved,  a  pulse  length  much  shorter  than  the  scale  height  is  needed.  The  short 
pulses  required  for  E-region  work  have  a  relatively  large  intrinsic  frequency  spread,  much 
larger  than  the  additional  spread  due  to  the  thermal  motion  of  the  scattering  centres. 

Thus  direct  temperature  measurements  are  very  difficult  to  make  and  some  assumption  has 
to  be  made  about  the  value  of  Te/T1  in  Equation  (2).  Fortunately,  it  is  now  fairly 
certain  that  Te/Tj  =  1  at  all  heights  below  140  km  (References  6  and  7);  thus,  from 
Equation  (2), 

o-  =  °e/2  (4) 

and  observed  profiles  of  77  versus  h  can  be  converted  to  Ng(h)  profiles  provided 
that  an  absolute  calibration  of  the  system  is  available.  This  calibration  is  most  conven¬ 
iently  provided  by  measurements  of  the  E-layer  critical  frequency,  f,E  ,  from  a  nearby 
ionosonde. 


3.  COMPARISON  WITH  OTHER  '» ECHNIQUES  FOR  E-REGION  MEASUREMENTS 

The  main  information  given  by  the  present  observations  is  the  profile  of  Np  versus 
height.  It  is  relevant  to  compare  this  technique  with  others,  and  in  particular  with 
ionosondes  and  sounding  rockets:  no  technique  for  observing  the  E-region  from  an  orbiting 
satellite  is  yet  available. 

The  ground-based  ionosonde  has  been  used  for  many  years  and  gives  accurate  values  of 
Ne  at  peaks  and  points  of  inflection,  but  less  reliable  measurements  at  other  parts  of 
the  profile.  This  is  especially  true  of  "valleys”,  which  are  difficult  to  delineate,  and 
whose  presence  affects  the  interpretation  of  echoes  from  regions  lying  above  them.  Normal 
ionosondes  also  give  little  information  about  regions  whose  penetration  frequencies  lie 
below  the  lower  frequency  limit  of  the  instrument.  The  lowest  accessible  value  of  Ng  is 
commonly  about  1010m'3;  this  limit  is  reduced  for  special  low  frequency  ionosondes,  but 
these  can  be  successfully  operated  only  in  areas  remote  from  sources  of  interference,  and 
have  so  far  yielded  much  less  information  than  the  higher  frequency  instruments.  Ionosondes 
also  run  into  difficulty  in  the  presence  of  blanketing  sporadic-E  layers,  or  of  high  absorp¬ 
tion;  in  these  cases  information  about  the  E-region  profile  is  much  reduced  or  is  missing 
altogether. 

Sounding  rockets  allow  various  techniques  to  be  used  for  measuring  the  profile,  including 
in  situ  sampling  and  radio  propagation  methods.  Very  accurate  measurements  with  excellent 
height  resolution  can  be  obtained,  which  do  not  suffer  from  the  limitations  of  the  ionosonde 
in  measuring  low  values  of  Ng  gnd  detecting  the  extent  of  valleys.  Rocket  measurements 
can  thus  provide  a  "snapshot"  of  the  Ng  profile  at  one  place  and  time,  but  only  a  very 
incomplete  picture  of  time  variations,  because  of  the  difficulty  and  expense  of  organising 
launches. 

Incoherent  scatter  radar  has  the  advantage  of  all  ground-based  techniques  in  obtaining 
measurements  as  a  function  of  time  at  a  fixed  place.  Since  the  scattering  cross-section  is 
extremely  small  (typically  10' 4 m2  for  a  pulse  volume),  the  radar  can  “see  through”  maxima 
of  Ne  and  accurately  determine  the  profile  shape  in  the  valleys.  Absolute  values  of  Ng 
are  less  reliable  than  those  obtained  from  ionograms,  but  the  whole  profile  is  readily 
calibrated  by  a  few  spot  ionosonde  measurements.  The  minimum  detectable  Ng  is  limited 
in  principle  by  relation  (3),  ceasing  to  be  true  for  large  Debye  lengths,  but  in  practice 
also  by  the  equipment  sensitivity.  For  the  present  equipment,  these  two  limits  occur  in 
the  E-region  at  the  same  value  of  Ng  ,  about  6xl0em'3.  Time  resolution  is  normally 
about  5-10  minutes  but  can  be  improved,  at  the  expense  of  some  loss  of  sensitivity,  by 
reducing  the  signal  integration  period.  Height  resolution  can  be  made  at  least  as  good 
as  that  of  an  ionosonde,  but  approaches  that  of  the  best  rocket  measurements  only  at  the 
cost  of  considerably  decreased  sensitivity.  Since  group  delay  in  the  scattering  medium 
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is  negligible,  the  absolute  heights  of  features  on  the  profile  can  be  measured  very  easily, 
with  an  uncertainty  due  only  to  the  finite  length  of  the  transmitted  pulse. 

Thus  incoherent  scatter  radar  has  many  of  the  advantages  of  both  ionosondes  and  sounding 
rockets:  its  main  disadvantage  is  the  complexity  of  the  equipment,  which  restricts  the 
number  of  places  in  which  it  can  be  used. 


4.  EQUIPMENT 

The  results  presented  in  Section  5  were  obtained  with  a  vertically-looking  pulsed 
incoherent  scatter  radar  equipment  at  the  Royal  Radar  Establishment,  Malvern,  England,  at 
a  geographical  position  of  52. 1°N,  2.3°W,  and  a  magnetic  dip  angle  of  67.7°.  The  observa¬ 
tions  were  made  on  three  days  in  May  1968  and  it  is  not  claimed  that  all  the  features 
observed  are  necessarily  of  daily  occurrence,  though  most  of  them  are  probably  typical  of 
the  season. 

The  equipment  operates  at  a  frequency  of  400,  50  MHz  (74.9  cm  wavelength)  with  a  peak 
transmitted  power  of  7  MW  and  a  repetition  frequency  of  150s'1.  The  pulse  duration  was 
chosen  to  be  33f±s  (5km  radar  length),  to  give  adequate  height  resolution  for  the  E-region. 
The  receiver  front  end  is  a  varactor  diode  parametric  amplifier;  the  system  noise  tempera¬ 
ture  is  150°K  and  the  receiver  bandwidth  is  40  kHz.  The  aerial  is  a  fixed  front-fed 
vertically  pointing  paraboloid  of  aperture  diameter  43  m;  the  feed  is  in  the  plane  of  the 
aperture,  in  order  to  minimise  the  gain  in  far-out  sidelobes  of  the  polar  diagram,  and 
thus  eliminate  as  much  clutter  signal  as  possible. 

Circular  polarisation  is  used,  generated  in  a  waveguide  turnstile  junction,  which  also 
provides  passive  isolation  between  the  transmitter  and  the  receiver.  The  total  passive 
isolation,  due  partly  to  the  properties  of  the  turnstile  junction,  and  partly  to  the  use 
of  a  vertex  plate  in  the  aerial,  is  50  dB.  Thus  only  about  70  W  peak  power  leaks  through 
to  the  receiver  input  from  the  transmitter,  and  this  is  further  reduced  by  gas  discharge 
and  solid  state  limiters  The  total  receiver  protection  appears  to  be  quite  adequate,  as 
no  recovery  effects  are  observed  after  the  transmitter  pulse. 

The  received  signal  was  incoherently  integrated  in  30  range  intervals,  each  equal  in 
width  to  the  radar  pulse  length,  for  periods  of  5  minutes;  frequent  comparison  runs  with 
the  receiver  off-tuned  by  100  kHz  were  made,  to  determine  the  baseline  from  which  the 
integrated  signal  was  measured.  Permanent  clutter  echoes  were  present  at  ranges  up  to 
70  km;  between  70  and  90  km  strong  echoes  occurred  randomly,  with  durations  seldom  exceed¬ 
ing  a  few  minutes.  These  latter  echoes  are  thought  to  be  due  to  aircraft  passing  through 
the  near  horizontal  sidelobes  ox"  the  aerial:  if  any  of  them  were  of  natural  origin  it 
would  be  impossible  to  distinguish  them. 


5.  RESULTS 

The  Ne  profiles  presented  here  were  obtained  by  normalising  the  scattered  power  at 
the  observed  height  of  the  E-region  peak  (about  110  km)  to  NmE  measured  by  the  ionosonde 
at  Slough,  130  km  distant.  At  night,  when  f  E  is  below  the  range  of  the  ionosonde,  the 
daytime  calibration  was  extrapolated  to  lower  signal  levels.  Ccrections  were  applied 
for  varying  system  sensitivity,  and  for  departures  from  the  small  Debye  length  approximation 
when  Ng  was  small.  In  the  absence  of  independent  temperature  measurements,  no  correction 
for  Tg/Tj  differing  from  unity  was  possible,  and  thus  the  profiles  became  progressively 
more  uncertain  above  140  km  by  day.  Errors  in  Ng  are  probably  about  10%  below  140  km  by 
day,  and  about  20%  at  all  heights  during  the  night. 

It  is  of  considerable  interest  to  know  whether  there  is  a  valley  in  the  profile  above 
the  normal  E-layer.  During  the  present  observations  a  small  valley  was  usually  seen  during 
the  daytime,  though  it  sometimes  disappeared,  apparently  more  or  less  at  random.  Figure  1 
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shows  typical  examples  of  daytime  profiles  with  and  without  valleys,  and  a  profile  showing 
multiple  stratification, 

A  very  noticeable  feature  of  many  of  the  profiles,  both  during  the  day  and  the  night, 
was  the  presence  of  sporadic-type  layers,  which  appeared  as  spikes  which  were  clearly 
unresolved  in  height,  These  sporadic  layers  were  seen  for  a  considerable  proportion  of 
the  time,  and  usually  appeared  to  be  superimposed  on  a  normal  profile.  Figure  2  shows 
daytime  profiles,  one  with  a  slight,  one  with  an  intense,  and  one  with  a  double,  sporadic 
layer:  since  these  peaks  are  unresolved,  the  peak  electron  concentrations  are  lower  limits. 

Hie  night-time  profiles  were  extremely  variable  in  form,  with  Ne  usually  less  than 
5xl09m"3  below  170  km,  except  possibly  in  sporadic-type  layers.  Between  110  and  140  km 
height  there  was  usually  at  least  one  prominent  peak,  sometimes  resolved  and  sometimes  of 
sporadic  type.  Above  140  km,  Ng  became  too  low  to  be  reliably  measured  in  the  hours 
before  dawn.  Between  100  and  105  km  another  persistent,  though  much  smaller,  peak  was 
often  observed,  and  is  believed  to  be  due  mainly  to  integrated  coherent  echoes  from  meteors, 

and  is  thus  not  a  true  ionospheric  layer.  Figure  3  shows  some  profiles  illustrating  these 

night-time  features. 

During  the  day  the  profiles  are  usually  contaminated  with  clutter  echoes  at  heights 
below  90  km.  A  few  runs  were,  however,  apparently  clear  of  clutter,  and  with  these  the 
profiles  can  be  extended  down  into  the  upper  D-region.  Some  typical  results  obtained  at 
two  times  of  day  are  shown  in  Figure  4  and  compared  with  a  recent  mean  profile,  based  on 
VLF  propagation  measurements  in  England,  published  by  Bain  and  May8.  The  incoherent 
scatter  results  are  of  the  right  order  of  magnitude,  but  are  subject  to  considerable 
uncertainty,  as  a  fairly  large  Debye  length  correction  factor  has  been  applied.  The 
residual  clutter  level  is  not  known,  but  it  would  appear  to  be  significant  below  80  km. 

Lastly,  to  present  a  more  systematic  picture  of  the  present  data,  in  Figures  5  and  6 
are  plotted  the  heights  at  which  all  clearly  defined  peaks  and  points  of  inflection 

occurred  on  the  profiles  during  two  periods  of  time.  Figure  5  is  for  a  period  from  noon 

until  just  before  sunset,  which  is  at  2110  h  at  100  km  height.  The  normal  E-region  peak 
can  be  seen  from  1200  h  to  1500  h,  but  is  obscured  by  a  sporadic  layer  most  of  the  time 
after  1500  h;  height  deviations  of  ±5  km  from  the  average  value  occur  fairly  randomly. 

Hie  features  around  165  km  are  probably  at  the  FI -layer  peak  as  normally  defined,  though 
this  may  be  partly  suppressed  by  the  absence  of  a  temperature  correction  to  the  profile. 

Many  other  features  between  120  and  160  km  can  be  seen,  but  these  are  mostly  transient. 

Figure  6  covers  a  period  from  midnight  till  several  hours  after  dawn,  which  is  at  03  h 
at  100  km  height.  The  most  interesting  feature  is  a  persistent  sporadic-type  layer,  which 
appears  to  move  steadily  downwards  from  140  km  and  merges  with  the  normal  E-layer  peak  at 
dawn.  The  peak  which  has  been  attributed  above  to  meteor  echoes  is  clearly  visible  at 
about  105  km  from  0100  h  onwards:  at  dawn  this  gradually  becomes  swamped  by  normal  scatter 
echoes  from  the  ambient  ionisation,  first  becoming  a  point  of  inflection  and  then 
disappearing. 
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Daytime  profiles  of  electron  concentration  Ne  versus  height  h  showing: 
(a)  normal  profile  with  valley  above  the  E-peak,  (b)  normal  profile 
without  valley,  (c)  profile  with  multiple  stratification.  Time  on  this 
and  subsequent  Figures  is  UT  (0°W  Mean  Time) 
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Pig.  4  Daytime  N0(h)  profiles  between  heights  of  80  and  100  km,  from  selected  clutter 
free  recordings:  (1)  1210  UT,  20th  May  1968.  (2)  1740  TJT,  20th  May  1968. 

(3)  Mean  profile  for  noon,  summer,  sunspot  maximum,  from  VLF  propagation 
results  (Ref.  8).  (4)  Noise  level 
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Fig.  5  Heights  of  resolved  peaks,  ©  ;  sporadic-type  peaks,  X  ;  and  well-marked  points 
of  inflection,  A  ;  from  12  to  20  h  UT  on  20th  May  1968 
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DISCUSSION  ON  THE  PAPERS  PRESENTED  IN  SESSION  IV  (THOMSON  SCATTER) 

Discussion  on  Paper  31,  "Thomson  scatter  as  a  communication  mode"  by  A. M. Peterson 
(presented  by  R. Cohen) 


Professor  E.  D.  R.  Shearman :  What  assumption  is  made  as  to  the  width  W  of  the  transmitting 
and  receiving  antennas? 

Dr  R. Cohen:  100  meters. 

Dr  N.C.Gerson:  What  effect  would  the  beaming  of  100  kW  have  upon  the  normal  F2-region? 

What  interactions  would  result? 

Dr  R. Cohen:  That  is  an  interesting  question,  since  D.T. Farley  (Journal  of  Geophysical 
Research,  Vol. 68,  1963,  p.401),  also  wondered  about  it,  so  he  calculated  the  ionospheric 
perturbations  that  would  be  produced  by  the  powerful  incoherent-scatter  transmissions 
being  used  at  incoherent-scatter  facilities  for  ionospheric  diagnostics.  Deviatlve 
absorption  in  the  F-region  of  this  radio- frequency  energy  heats  the  electron  gas,  causing 
the  electron  temperature  Te  to  increase,  and  the  accompanying  diffusion  of  the  heated 
electrons  along  the  geomagnetic  field  lines  results  in  a  dilution  of  the  electron  concentra¬ 
tion  Ne  in  a  volume  near  hoax  ,  the  height  of  a  maximum  electron  concentration.  Farley 
found  that,  even  at  the  lowest  frequency  then  being  employed  for  incoherent  scatter  (at 
the  Jlcamarca  Radar  Observatory  in  Peru),  the  effects  were  minimal,  since  the  exploring 
frequency  (about  50  MHz)  was  so  much  greater  than  the  typical  penetration  frequencies  (order 
of  10  MHz).  At  h  (for  the  Jlcamarca  radar)  he  obtained  an  elevation  in  Te  of  about 
10%,  and  a  corresponding  reduction  in  Ne  of  about  5%.  Hie  way  to  really  produce  a 
significant  ionospheric  perturbation,  as  described  by  Farley,  is  to  heat  at  a  frequency  just 
above  the  penetration  frequency,  then  to  lower  the  heating  frequency  appropriately  as  the 
penetration  frequency  is  thereby  reduced. 


Discussion  on  Paper  32,  " Incoherent  scatter  observations  of  the  E-region",  by  G. N.  Taylor . 

Dr  J.Ramasastry:  I  should  like  to  clarify  a  remark  made  by  the  chairman  which  might  give 
the  impression  that  Dr  Taylor’ s  measurements  were  the  first  measurements  of  incoherent 
scatter  in  the  E-region.  To  my  knowledge  such  observations,  using  both  Thomson  scatter 
and  bottomside  lonosonde  techniques,  have  been  made  at  Arecito,  Puerto  Rico. 

Dr  G.N. Taylor:  I  was,  of  course,  aware  of  the  work  done  at  Arecibo,  and  also  at  Millstone 
Hill  and  by  the  CNET  group  in  France.  However,  I  believe  the  Malvern  installation  is  the 
only  peaked  incoherent  backscatter  radar  in  Europe,  and  the  only  one  at  medlum/hlgh  latitudes 
which  is  capable  of  making  measurements  at  vertical  incidence,  and  also  capable  of  making 
E-reglon  measurements  at  night. 

Dr  I.Paghls:  Would  you  please  comment  on  the  reproducibility  of  the  “normal”  E-region  on 
consecutive  profiles,  with  the  equipment  integration  time  of  5  minutes?  Since  vertical 
lonosonde  data  were  not  available  at  the  site,  but  only  at  a  distance  of  about  130  km,  do 
you  consider  that  sporadic  E  may  have  influenced  some  of  the  apparently  normal  E-region 
profiles? 

Dr  G.N. Taylor:  The  height  of  the  normal  E-layer  peak  stays  constant  from  one  run  to  the 
next,  but  the  depth  of  the  valley  above  it  is  somewhat  variable,  sometimes  becoming  zero, 
as  shown  in  Figure  1  of  my  paper,  other  features,  such  as  subsidiary  peaks  between  E 
and  FI  ,  are  usually  visible  on  at  least  two  consecutive  profiles  (10  minutes  duration), 
but  usually  do  not  last  for  more  than  about  20  minutes.  In  answer  to  your  second  question, 
the  distinction  between  normal  and  sporadic- type  E-peaks  is  rather  arbitrary,  and  there 
appears  to  be  a  continuous  gradation  between  them.  We  cannot  distinguish  between  very 
thin,  very  dense  Es-layers,  and  thicker,  less  dense  layers  if  both  are  unresolved  in  height. 
We  have  not  yet  attempted  any  detailed  comparisons  of  our  data  with  measurements  from  a 
nearby  lonosonde. 
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Professor  E.  D.R.  Shearman:  The  author  stated  that  It  was  not  possible  to  measure  with  an 
lonosonde  the  electron  density  above  a  maximum  in  the  N(h) -curve.  There  is  a  method, 
originated  by  Whitehead,  in  which  the  ordinary  and  extraordinary  traces  are  used  together 
to  deduce  the  electron  density  above  such  a  maximum.  It  would  be  instructive  to  compare 
the  direct  incoherent  scatter  measurements  with  such  deduced  values  from  lonosonde 
measurements. 

Dr  G.N. Taylor:  It  would  certainly  be  very  useful  to  make  this  comparison. 


« 


